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Estrogenic metabolites of circulating androgens
portant effects on the organization
and activation

have im-

of neural
circuits controlling
reproductive
behavior and physiology
in
males of many vertebrate species. Previous studies indicate
that aromatase,
the enzyme that converts androgens
to estrogens, is expressed
most abundantly
in neurons in limbic
brain regions. Songbirds
are unique in that aromatase
is
expressed
at unusually
high levels throughout
the telencephalon
of both males and females. We assume that estrogens formed in the telencephalon
itself masculinize
neural circuits controlling
song, since the brain is a major source
of circulating
estrogens
in adult males. However, the cellular
localization
of telencephalic
aromatase in songbirds
remains
unknown.
We have established
primary cultures from telencephalons
of developing
zebra finches and found aromatase activity (conversion
of 3H-androstenedione
or 3H-testosterone
to $H-estrone
plus 3H-estradiol)
at some of the
highest levels reported for brain tissue of any species. Both
neurons and glia were identified
in these cultures based on
cell morphology
and labeling by specific immunohistochemical markers.
However, when culture conditions
were manipulated
to reduce the incidence
of either neurons or glia
by varying the age of cultures or their plating density, treating
with the neurotoxin
kainic acid, physically shaking off loosely
attached
neurons, or preparing
cultures in media that encouraged
enrichment
of neurons, high levels of aromatase
persisted.
Furthermore,
Northern blot analysis of total RNA
extracted from enriched
neuronal or glial cultures indicated
the presence of aromatase
mRNA in both cell preparations.
In situ hybridization
with a zebra finch aromatase cDNA probe
conjugated
to digoxigenin
showed the cultures contained
darkly labeled neurons and lightly labeled non-neuronal
cells,
presumably
astrocytes.
We conclude
that aromatase
is expressed in both neuronal
and non-neuronal
cells in these
cultures, suggesting
that both cell types may also express
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the enzyme in viva. The presence
of aromatase
outside of
neurons suggests that glia may be targets of estrogen action
or that glia may supply some estrogen to the estrogen-sensitive neural circuits in this species.
[Key words: estrogen,
androgen,
sexual differentiation,
masculinization,
song system]

Estrogenshave diverse actions on brain that are essentialfor
the organization and the activation of neural circuits controlling
reproductive behavior and physiology (McEwen et al., 1982;
Pfaff, 1983; Arnold and Gorski, 1984; Blaustein and Olster,
1989; Schlinger and Callard, 1991). In females, the brain is
generally considereda target of estrogenssecretedinto the circulation at high levels by the ovary (Pfaff, 1983; Siiteri and
Febres, 1989). In contrast, estrogensgenerally circulate at low
levels in males.However, aromatasecytochrome P450, the enzyme that catalyzes the conversion of androgento estrogen,is
presentin the male brain (Naftolin et al., 1975; McEwen et al.,
1982; Callard, 1984; Maclusky et al., 1987; Schlingerand Callard, 199I). Consequently, circulating androgensin malescan
be converted to estrogensnear estrogentargets in brain to influence neural development and function.
Songbirds have proven to be especially useful models for
studying estrogeneffects on neural development. For example,
male zebra finches singcourtship and territorial songsthat are
not sungby females,and the brain regionscontrolling songare
correspondingly much larger in malesthan in females(Nottebohm and Arnold, 1976). It is assumedthat estrogen is the
principal masculinizing hormone since hatchling female zebra
finches treated with estradiol develop more masculineneural
songsystemsthan untreatedfemales(Gurney and Konishi, 1980).
Interestingly, unlike malesof many other vertebrates, estradiol
is present at high levels in blood of hatchling and adult male
zebra finches(Hutchison et al., 1984;Adkins-Regan et al., 1990;
Schlinger and Arnold, 1991, 1992a).In addition, aromataseis
presentat high levels in the zebra finch brain, especially in the
telencephalonnear the songsystem(Vockel et al., 1990;Schlinger and Arnold, 1991, 1992a).However, sincearomatasecannot
be detected at significant levels in zebra finch testesor adrenals
(Schlinger and Arnold, 1991, 1992a,b), and estrogenscan be
synthesizedand releasedinto blood if androgenicprecursorsare
available to the brain of adult males (Schlinger and Arnold,
1992b, 1993), the brain appearsto be the sourceof the estrogen
found circulating in the blood of males.This result implies that
the brain is the synthetic sourceof the estrogenthat triggersthe
masculinedevelopment of the songsystem.
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We assume that the capacity of brain to secrete estrogen into
the circulation is a unique consequence of the heightened expression of aromatase in the zebra finch telencephalon. Ordinarily, the synthesis of estrogens in the male brain is thought
to occur in a relatively small number of neurons that are near
or are themselves estrogen targets, primarily in limbic brain
structures. Measures of aromatase in cultures from developing
rat hypothalamus (Canick et al., 1986), in synaptosomal preparations of goldfish brain (Mak et al., 1985), and in adult quail
hypothalamus-preoptic
area (Schlinger and Callard, 1989) have
suggested that aromatase is present in neurons. This idea has
been confirmed by immunohistochemistry
on brain sections
using antibodies prepared against aromatase or a fragment of
the aromatase protein (Shinoda et al., 1989a,b; Balthazart et al.,
1990, 199 la; Sanghera et al., 199 1). Paradoxically, immunostained neuronal somata are not always seen in brain regions
that demonstrate aromatase activity (Shinoda et al., 1989a,b;
Balthazart et al., 1990, 199 1a; Sanghera et al., 199 1). This disparity is most conspicuous in the zebra finch, in which available
antibodies recognize aromatase in hypothalamic regions but not
the telencephalon, even though aromatase activity is higher in
telencephalon (Balthazart et al., 1990).
For further exploration of brain steroid synthesis and steroid
action in the zebra finch brain, we have prepared dissociated
mixed-cell cultures of telencephalons of zebra finches in the first
5 d after hatching. These cultures provide a useful system to
determine the types of cells that express aromatase, and to study
the regulation of this enzyme. In the present study, we report
that cultures of the zebra finch telencephalon express extremely
high levels of aromatase activity. Conditions that reduce the
proportion of neurons in these cultures have little effect on the
activity of aromatase, suggesting that aromatase is present in
non-neural cells. To test this idea further, we prepared purified
glial cultures as well as cultures highly enriched with neurons.
Both neuronal and glial cultures express aromatase activity.
Moreover, an aromatase cDNA probe prepared from a zebra
finch ovarian library hybridizes to Northern blots containing
RNA from either glial or neuronal cultures. In addition, we used
this probe labeled with digoxigenin in in situ hybridization analysis of cell cultures. Neurons stained darkly and non-neural cells,
presumed to be astrocytes, stained lightly, indicating that both
cell types contain aromatase mRNA. These results suggest that
aromatase is present in neural and non-neuronal cells in the
zebra finch telencephalon.
Portions of this study have appeared in abstract form (Arnold
et al., 1992).
Materials

and Methods

Preparation ofprimary cultures. Male and female zebra finch chicks, l5 d after hatching, were decapitated, and the entire brain or telencephalon was dissected from the skull. To dissect the telencephalon, a pair
of forceps was inserted under aseptic conditions horizontally between
the telencephalic lobes and the optic lobes at the caudal pole of the
brain, and passed rostrally so that they were at the base of the brain at
levels rostra1 to the optic commissure. In this manner the telencephalon
was pinched off. Primary cultures of zebra finch brains were prepared
essentially by the methods described earlier (Amur-Umarjee et al., 1990a).
Briefly, cells from several male and female brains were dissociated by
gently teasing the tissue through a nylon mesh (210 pm) into a petri
dish containing medium. The cells were then filtered through two stainless steel mesh filters (230 pm then 140 pm mesh, Bellco), centrifuged
for 10 min at 1100 rpm, resuspended in medium, and plated into plastic
culture dishes precoated with polylysine or fibronectin. Cultures were
incubated at 37°C 5% CO, in Dulbecco’s Modified Eagle’s Medium

(DMEM)/Ham’s
F12 (1: 1; Irvine Scientific, Santa Ana, CA), supplemented with fetal calf serum (lo%), HEPES buffer (3.38 gm/liter),
NaHCO, (2.16 gm/liter), gentamicin (0.09 gm/liter), and D-glucose (3.6
gm/liter). Cells were plated at one of three densities: 20, 10, or 5 paired
telencephalons per 100 ml. After plating, cells were left undisturbed for
3 d, after which the medium was replaced every 2 or 3 d.
Glia-enriched cultures were prepared by shaking the primary cultures
after 14 d in vitro (DIV) at 280 rpm for 18-20 hr as described previously
(Amur-Umarjee
et al., 1993). The supematant containing unattached
cells and debris was discarded. The remaining cells were harvested for
RNA isolation. For in situ hybridization of glia-enriched cultures, primary cultures were shaken at 13 DIV, the adhering glia were removed
using 0.0 1 M EDTA, centrifuged, resuspended in media, and plated at
a densitv of 50.000 cells oer chamber in eizht-chamber slides. The cells
were processed for in situ hybridization after 1 d. Primary neuronenriched cultures were prepared in the absence of cytosine arabinoside
using a modification of the procedure described by Syapin et al. (1985;
De Vellis, Edmond, and Cole, unpublished observations) in which survival of oligodendrocytes and astrocytes is poor. Cells were plated in a
chemically defined medium containing bovine insulin (5 mg/liter), human transferrin (5 mg/liter), Na selenite (5 mg/liter), BSA (fraction V,
500 &liter), oleic acid (4.8 mg/liter), and 2% fetal calf serum. After 4
d, 50% of the media was removed and replaced with serum-free media.
Neuron-enriched cultures were used experimentally after 7 DIV.
Immunohistochemistry. Some cells were cultured on glass coverslips
for l-5 weeks, and then washed with phosphate-buffered saline containing 1% CaCl,, 1% MgCl,, and 0.2% sodium azide [phosphate-buffered saline (PBS), pH 7.21, fixed for 15 min with 4% paraformaldehyde
in PBS, washed in 0.1% Triton X-100 in PBS, and then incubated in
normal goat serum [NGS; 5% in Tris-buffered saline (TBS)] as a blocking
agent. Cells were incubated with mild agitation in various primary antibodies (see below) in 5% NGS for 1 hr, and then washed with TBS
and incubated for 1 hr in secondary antibodies similarly diluted in 5%
NGS. Secondary antibodies (Boehringer Mannheim, Indianapolis, IN,
or Vector Laboratories, Burlingame, CA) were conjugated with fluorescein or rhodamine for visualization with fluorescence light microscopy, or with biotin. After incubation with biotinylated secondary antibodies, a biotin-avidin-peroxidase
reaction was run using the Elite
ABC kit from Vector Laboratories. In addition to immunohistochemical
labels, cell nuclei often were also stained with Hoechst dye that was
added to the secondary antibody solution. Coverslips were mounted
onto microscope slides and viewed under a fluorescence or bright-field
compound microscope. The specificity of the immunohistochemical
method was verified by incubating control cultures without primary or
secondary antibodies, or with preimmune rabbit or mouse serum substituted for primary antisera.
The following antibodies were used routinely to characterize cultures:
monoclonal anti-microtubule-associated
protein 2 (MAP2), clone HM-2
(Sigma, St. Louis, MO); monoclonal anti-microtubule-associated
protein 5 (MAPS), clone AA6 (Sigma); monoclonal anti-neurofilament 200,
clone N52 (Sigma); polyclonal anti-vimentin (Chemicon, Temecula,
CA); polyclonal anti-rat neuron-specific enolase (NSE) (Polysciences,
Inc., Warrington, PA); monoclonal anti-galactocerebroside, gift of Dr.
Joyce Benjamins (Ranscht et al., 1982). In addition, we used commercially available antibodies against a variety of other antigens that were
less useful in characterizing the cells, including antibodies against S-100
protein, A2B5, synaptophysin, parvalbumin, and glial fibrillary acidic
protein (GFAP).
Aromatase assays. Aromatase was analyzed in primary cultures by
measuring conversion of 1,2,6,7-‘H-androstenedione
(AE, specific activity, 86.4 or 88.0 Ci/mmol) or 1,2,6,7-3H-testosterone (T; specific
activity, 87.1 or 91.3 Ci/mmol) to ‘H-estrogens [estrone (E,) and estradiol (E,)]. Most ofthese procedures have been validated and described
previously for homogenates or subcellular fractions of brain and perioheral tissues of auail and zebra finches (Schlinaer and Callard. 1987.
1989; Schlinger and Arnold, 199 1, 1992a). In brief, )H-androgen, dis:
solved in a few microliters of ethanol, was added to culture media.
Reactions were carried out at 37°C at various incubation times and
substrate concentrations. Control cultures contained substrate but no
tissue. Reactions were terminated by removing media from culture wells
or flasks to test tubes placed on dry ice. Samples were then stored frozen
until analyzed. For determination of procedural losses, some tubes with
medium but no cells were processed in parallel after receiving approximately 100,000 cpm of 6,7-‘H-E, (specific activity, 60 Ci/mmol). Samples were extracted with diethyl ether (3 x 2 ml) and estrogenic products
.
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Figure 1. Photomicrographs of mixed neuronal-glial cultures after immunohistochemical
labeling at 1 week in vitro. Left, Antibody against
vimentin labels the nuclei of cells in the glial mat, as well as neuronal cell bodies and neurites (arrows). The darkly labeled neurons can be
distinguished on the basis of cell morphology. Middle, The antibody against MAP2 labels exclusively neuronal cell bodies and neurites (arrows).
Right, Cells on the edge of the glial mat, labeled with anti-vimentin, showing the irregular shape of some individual cells, which are presumed to
be astrocytes. Scale bar, 100 Wm.
were purified by double phenolic partition, using equal volumes of Ccl,
and 0.1 N NaOH followed bv ethvl acetate extraction (3 x 5 vol). The
ethyl acetate residues (to which -radioinert E, and E; were added as
carriers) or the Ccl, residues (to which radioinert AE and/or T were
added as carriers) were then chromatographed twice on thin-layer silica
gel (TLC) plates in ether/hexane (3: 1) for E,, E,, and AE or chloroform/
ethyl acetate (4:l) for T. Androgens and estrogens were chromatographed separately. E, and E, carriers were visualized by exposure to
iodine vapors; AE and T were carriers under ultraviolet irradiation.
Silica gel from each product region was eluted in 15% aqueous methanol.
Aliquots of product were then added to scintillation vials containing 4
ml of Biofluor (New E&and Nuclear) for estimation of radioactivitv.
In some experiments, additional areas of TLC plates containing phenol&
residues were also scraped and radioactivity of unknown identity was
quantified. Procedural losses were adjusted accordingly. Results were
expressed as picomoles of product per time of incubation per milligram
of protein. Proteins were measured by the method of Bradford (1976)
using bovine serum albumin (BSA) as standard. For measurement of
protein, cells were scraped off larger plates into KPO, buffer (3 x) but
were removed from smaller plates by treatment with trypsin/EDTA
(2x). BSA standards were diluted appropriately in KPO, or trypsin/
EDTA.
Zebrafincharoma&se
cDNAprobe.An aromatase cDNA probe (ZFl A)
was isolated from a zebra finch ovarian cDNA library (Shen et al., 1994).
This probe was sequenced in its entirety and found to be 87% homologous to chicken aromatase and was 3.2 kb in length. The entire probe
was used for in situ hybridization and Northern blot experiments described below.
NorthernblotsandRNAisolation.Cells were harvested and total RNA
was extracted from cell pellets by the method of Chomczynski and
Sacchi (1987). Northern blots were prepared by the methods detailed
by Kitamura et al. (1990). Total RNA concentrations were estimated
spectrophotometrically by absorbance measurements at 260 nm. Equivalence of loading of total RNA samples in individual lanes was determined by ethidium bromide staining of the rRNA bands on the gels.
In situ hybridizationhistochemistry.
Primary-mixed cultures (7 DIV)
or glia-enriched cultures (14 DIV) grown in eight-chamber slides were
washed in PBS, fixed in freshly prepared 4% paraformaldehyde for 1
hr, and stored in PBS at 4°C until use. The cDNA insert was labeled
with digoxigenin conjugated to dUTP using a Genius random priming

kit (Boehringer-Mannheim,
Mannheim, Germany). In situ hybridization histochemistry was then performed according to procedures described previously (Amur-Umarjee et al., 1990b). To control for nonspecific hybridization, the cDNA probe was deleted from alternate
chambers.

Results
Identijication of cell types
The cultures were composedof mixed populations of neurons
and glia. The cultures consistedof largeflat cellswith irregularly
shapedsomatathat formed a “bed layer” upon which neurons
grew (Fig. 1). The dominant cell type in the bottom layer attachedreadily to the substrateand grew steadily until a confluent
mat of cells formed over a period of several weeks in vitro.
Basedon their morphology and their ability to divide readily
in vitro, thesecellswere presumedto be glia, probably astrocytes
(Fig. 1).
Neurons grew in significant numbers on the glial mat, often
in largeclumps,and with complex fasciculation of their neurites.
They elaborated long processesthat were clearly labeledby antibodies against MAP2 (Fig. 1j. Neurons were labeled specifically also with antibodies againstMAP5 (seeFig. 5), neurofilament, and neuron-specific enolase.Antibodies against MAP5
and MAP2 appearedto label all neurons, whereasneuron-specific enolaseand neurofilament expressionwas lessconsistent.
Labeling with the anti-neurofilament antibody was particularly
intense along neurites of selectedcells, whereasthe antibodies
against MAPS, MAPZ, and neuron-specific enolaseoften recognizedboth somataand net&es. This pattern of labeling,along
with the morphological observations, clearly establishesthe
presenceof neuronsin thesecultures. However, we were unable
to confirm the identity of the cells in the glial mat as astrocytes
basedon immunohistochemical labeling, sincenone of the an-
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tibodies available to us labeled thesecells specifically. For example, four different antibodies directed againstmammalian or
avian GFAP did not selectively recognize antigens in the putative glial mat, and in fact often resulted in more intense labeling of neuronsthan glia.
An antibody againstgalactocerebrosiderecognizeda few cells
with the classicmorphology of oligodendrocytes,that is, small,
round cell bodieswith a largenuclear to cytoplasmic ratio from
which emanated fine, reticulated branches.Theseoligodendrocytes were not typically observed in cultures after 7 DIV. The
vast majority of data reported here were collected from cultures
that appearedto lack oligodendrocytes.
The antibody against vimentin resulted in clear labeling of
neuronal somata and neurites, and the nuclei of non-neurons
(Fig. 1). The consistentlabeling of neuronswas establishedunequivocally in experiments in which cells were double labeled
with anti-vimentin and anti-MAP2. This pattern of labeling
differs from that observed using an antibody directed against
canary vimentin, which did not label canary neurons in tissue
sections(Alvarez-Buylla et al., 1987). However, vimentin can
be expressedby early differentiating mammalian neurons in
vitro (Bignami et al., 1982; Cochard and Paulin, 1984; Sheaet
al., 1993). Thus, the neuronal labeling we observed with an
antibody raisedagainstmammalian vimentin can be explained
in a variety of ways. The canary and zebra finch neurons observed in the two studiescould have differed in their developmental stageand/or expressionof vimetin, or the antibody that
we used may have recognized antigens other than vimentin.
Whatever the reason, this antibody was useful becauseits labeling of neuronsin fluorescencemicroscopy was more intense
than that with the neuron-specificantibodiessuchasanti-MAP5
and anti-MAP2. Careful comparison of duplicate sister culture
wells, labeled with these neuron-specific antibodies and with
anti-vimentin under a variety of culture conditions (e.g., different plating densities,different agesof cultures, with or without
neurotoxin), left no doubt that neurons labeled with anti-vi-
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Figure 2. Radioactivity eluted from 1 cm scrapings of silica from thinlayer chromatography plates (run twice in etherlhexane, 3:l). Radioactivity was presumed to be estrogenic since it was retained in the
phenolic fraction after double phenolic partition. The origin of the TLC
plates was at 0 cm. E, and E, were visualized by iodine vapors, and
their identity was confirmed by triple recrystallization: for E,, 1448/
1468 DPM,,,,,,,/DPM mother
Ilq”or>79% of initial radioactivity recovered;
for E,, 2 103/2265 DPM,,,,,,/DPM molherllq”or>
93% of initial radioactivity
recovered. The identity of the radioactive products present within 2 cm
of the origin is unknown (Unk).
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Figure 3. Time course of androstenedione (AE) metabolism and its
conversion to estrogen in developing zebra finch telencephalic cultures.
Duplicate wells were incubated with 65 pmol/ml 3H-AE for the indicatedtimes.The percentage
of initial ‘H-AE remaining (dotted line) is
indicatedon the right abscissa. Aromataseactivity (permgprotein)(E,
+ E,, solid line) and accumulation of unknown “phenolic” ‘H (dashed
line; see Fig. 1) are indicated on the left abscissa.

mentin could be distinguishedfrom non-neuronsbasedon their
morphology (small cell bodies and neuritic branches vs large
nuclei of glia). Therefore, the antibody against vimentin was
sometimesusedasa label for quantitative measurementsof the
relative proportion of neurons and non-neurons under various
culture conditions. In experiments on the effect of kainic acid,
Hoechst dye wasusedto label all cell nuclei to allow counts of
the total number of cells, and labeling with anti-vimentin was
usedto count the number of neurons.
Visual inspection of mixed cultures indicated that the proportion of neurons was higher when cells were plated at high
density than at low density. Moreover, the percentageof neurons
declined with the age of the cultures. These variations in the
percentageof neuronswere confirmed usingcounts of the proportions of neurons and glia (seebelow), and exploited to determine which cell types were responsiblefor the high levels of
aromatasefound in thesecultures.
Aromatase

activity

Aromatase activity wasfirst measuredin 7 DIV primary cultures
of whole brains from hatchling malesand females(l-4 d of age),
incubated with 3H-AE for 2.5 or 24 hr. Although 3H-estrogens
were undetectedin control polylysine-coated 25 cm3flasksthat
contained no cells,both E, and E, were presentin largeamounts
when cells were present (1.O1 mg of cellular protein/flask) and
their identity was verified by triple recrystallization to constant
specific activity (Fig. 2). In addition, radioactivity was present
on the TLC plates in large amounts within 2 cm of the origin.
We assumethat this product(s) is a metabolite of estrone or
perhaps estradiol since it remained in the phenolic phaseand
it accumulated over time (up to 73% of radioactivity in the
phenolic phaseafter 24 hr) at the sametime that 3H-E, decreased
to only 8.3% of the radioactivity after 24 hr. However, radioactivity from this region did not recrystallize together with estriol, and did not migrate together on TLC with the catecholestrogens,2- or 4-hydroxy-E, or 2- or 4-hydroxy-E,. Consequently, its identity remains unknown. In subsequentexperi-
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Table 1. Kinetic analysis of aromatase in primary telencephalic
cultures of developing zebra finches

Exp. 1
Exp. 2
Exp. 3
Exp. 4
Exp. 5
Mean

3H-androstenedione
Vmax
(fmol/min/
KWl
@M)
m3 prot)

‘H-testosterone

15.7
900.0
Not measured
14.1
176.0
18.6
1299.0
Not measured
16.1
191.7

Not measured
38.8
178.5
55.0
1550.0
17.8
411.8
177.6
900.0
72.3
760.1

L
b4

&l/min/mg
pro9

Cultures 2 weeks (Exps. 2, 3, 5) or 3 weeks (Exps. 1, 4) in vitro were incubated
for 15 min with increasing concentrations (2-260 nM, Exps. 1, 2; 1 nM to 1 PM,
Exps. 3, 4, 5) of ‘H-AE or ‘H-T in duplicate or triplicate.
estimated from double reciprocal (Lineweaver-Burke)
plots.

K,,, and V,,, were

ments, 3H-E,, 3H-E,, and the unknown 3H-E were quantified,
but only combined data for E, and E, was usedas a measureof
aromatization.
Becauseof the high rates of aromatization and apparent estrogen catabolism,we incubated duplicate sisterwells of a single
culture of zebra finch telencephalon(at 21 DIV) with 300 ~1of
62.5 nM 3H-AE for 0.25, 0.50, 1.0, 2.5, 6, or 24 hr (Fig. 3).
Although only small amounts of protein were present in each
culture well (mean = 95.8 pg), 3H-AE was rapidly metabolized
(Fig. 3). E, and E, accumulation under these conditions was
linear for a 15 min incubation, reacheda maximum after 2.5
hr, and decreasedthereafter becauseproducts were apparently
metabolized into unknown estrogenicmetabolites (Fig. 3; see
also Fig. 2). Moreover after 15 min, little or no radioactivity
was presenton TLC plates outside of E, or E, (not illustrated).
In a separateexperiment, we testedthe ability of two aromatase
inhibitors 1,4,6-androstatrien-3,17-dione (ATD) or fadrozole
hydrochloride (CGS 16949A) (Wade et al., 1994) to block aromatization of 3H-AE (65 pmol/ml). Duplicate wellswere preincubated with inhibitor (l-, lo-, loo-, or lOOO-fold excess3HAE concentration) after which 3H-AE was added for 15 min.
Both inhibitors reduced the formation of estrogensby >90%
over control wells, fadrozole at all concentrations, and ATD at
lOOO-foldexcessconcentration (not illustrated).
Separate telencephalic cultures were then incubated for 15
min with increasing concentrations of 3H-AE or 3H-T in duplicate or triplicate (2-260 nM; 1 nM to 1 MM) (Table 1). Under
theseconditions, E, wasthe principal estrogenicproduct of AE
aromatization, whereasE, was the principal estrogenicproduct
of T aromatization. E, derived from T was verified by triple
recrystallization (584.6/629.1 dpmcryJtals/dpmmotherllquor,
86.1%recovery). Analyses of saturation and reaction kinetics for three
experiments (Table 1) indicate that aromatasehad high affinity
for the AE substrate(mean K,,, = 15.7 nM) and was present in
very high abundance(mean I’,, = 79 1.8 fmol/min/mg protein).
By contrast, in four separateexperimentswith 3H-T assubstrate
(Table I), the K,,, for aromatasevaried from 17.8 to 177.6 nM
(mean = 72.3 nM); mean V,, = 760.1 fmol/min/mg protein).

The effect of age of cultures on aroma&se activity and on the
cellular composition of telencephalic cultures
Becauseinitial immunohistochemical observations suggested
that the proportion of neuronsin the telencephaliccultures de-
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Figure 4. Aromatase activity in cultures of developing zebra finch
telencephalon as a function of age in vitro. Triplicate wells were incubated with )H-AE for 15 min after 1, 2, 3, 5, or 6 weeks in vitro. The
samples for weeks 1, 2, and 3 represent different wells of cultures prepared on the same date from a single suspension of telencephalic cells
and aromatase activity quantified in a single assay and analyzed statistically as a group. Data were analyzed by one-way ANOVA: *, Fc2,6j=
9.19; p < 0.02. The values for weeks 5 and 6 represent two other
telencephalic culture preparations and were not part of the statistical
analysis.

clined as cultures aged,we were interested in determining how
culture ageinfluenced aromataseactivity. We added 3H-AE for
15 min to triplicate wells of cultures after 1, 2, 3, 5, or 6 weeks
in vitro. The samplesfor weeks 1, 2, and 3 represent different
wells of cultures prepared on the samedate from a single suspension of telencephalic cells. Following incubation with 3HAE, the media from theseexperimentswere frozen so that aromataseactivity from the three agescould be determined in a
single assay,and analyzed statistically as a group. The values
for weeks5 and 6, which representtwo other telencephalicculture preparations,are included for comparison(Fig. 4) but were
not part of the statistical analysis. Cells in thesecultures continued to proliferate between 1 and 3 weeksof ageas indicated
by the significant increasein protein content (F(,,, = 9.19; p <
0.02) (Fig. 4) and most likely up to at least 6 weeks in vitro.
Aromatase activity (per mgprotein) remainedhigh up to 3 weeks
in vitro, but appearedto declinethereafter [the apparentincrease
between 1 to 2 weeks was not statistically significant (F(,,,, =
3.22, p = 0.1 l)]. Nevertheless,even after 6 weeksin vitro, cells
continued to synthesizeestrogensat an extremely high rate (14.0
pmol/ 15 min/mg protein).
Sister wells of the tissuecultured for 1, 2, and 3 weekswere
labeled in immunohistochemical experiments. Visual inspection of the incidence of cells recognized by anti-MAP5 (Fig. 5)
suggestedthat despitethe overall increasein protein (and hence
presumably numbers of cells in thesecultures), the numbers of
neuronsdeclined in the first 3 weeksin vitro (Fig. 4). For quantitative assessment,
the numbers of neuronsand glial cellswere
counted over an area of 2 1.3 mm2 in sisterwells labeledusing
the anti-vimentin antibody. The percentageof neuronsdeclined
from 43.4% at week 1 to 35.7% at week 2, to 4.2% at week 3.
The persistenceof aromataseinto the third week, despitea large
decline in the number of neurons present in the cultures, supports the idea that aromatase is not exclusively expressedin
neurons.
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Figure6. Effects of kainic acid (KA) treatment and plating density on
protein content (j&well; top) and aroma&e activity (pmol E, + E,/15
min/mg protein; bottom)on developing zebra finch telencephalic cell
cultures. KA treatment (10 mM) was initiated 14 d in vitro and lasted
7 d. Plating density: High, 10 paired telencephalonsJ50 ml medium;
Med. half concentration of High; Low, half concentration of Med; n =
3 wells/plating density/treatment group. Sister wells of tissue cultured
on glass coverslips at the same plating densities received similar KA
treatments. The percentage of neurons present in these cultures was
estimated by immunohistochemical
analysis of coverslips using antivimentin antibodies to count cell bodies of neurons and Hoechst dye
to count nuclei of cells.

Figure 5. MAP5 immunoreactivity in mixed neuronal+lial cultures.
This antibody labeled neurons exclusively. The three photos show sister
cultures used for the data in Figure 4: top, after 1 week in vitro; middle,
after 2 weeks; bottom,after 3 weeks. These photos demonstrate the
apparent decline in the incidence of neurons &ith age of the cultures.
The percentage of neurons was 43.4% at 1 week, 35.7% at 2 weeks, and
4.2%at 3 weeks.

Aromatase activity in neuron-dejicienttelencephaliccultures
after treatment with neurotoxin
To test this idea further, we treated some cultures with the
neurotoxin kainic acid in an attempt to kill neurons. In three
separateexperiments, cultures were prepared from telencephalons of I-5-d-old zebra finches-atone of three plating densities
(High, 10 telencephalons per 50 ml medium; Medium, half
concentration of High; or Low, one-fourth concentrationof High.
After 2 weeks in vitro, cultures were treated continuously with
kainic acid (1 x 1O-2 M) (media changeddaily or on alternate
days) for 4 d (Exp. 1) or 7 days (Exps. 2 and 3). The effectsof
kainate and plating density were assessedby measuring the
amount of protein per culture well and by counting the numbers
of neurons.
Neurons were always a minor component of these mixed
cultures and were generally present in lower numbers at the
lowest plating densities.For example, in untreated culture wells
of experiment 3 (Fig. 6), neuronsaccounted for 5.2%, 0.7%, and
1.5% of the cell population at high, medium and low plating
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Table 2. Effect of kainic acid and cellular plating density on aromatase activity in primary telencephalic cultures of developing zebra finches

Experiment1 (N)
# Neurons
Protein(pg/well)
Aromatase(pmoV150min/mgprot)
Experiment2 (N)
% Neurons
Protein@g/well)
Aromatase(pmol/150min/mgprot)

High

Medium

-

-

+

6
8.3
79.3
123.2

6
2.1
45.4
121.6

+

6
9.5

78.1 + 9.5
+ 16.2

99.4
3

1.2%
94.5 k 8.9
28.5 + 5.4

6
5.2

14.4 + 19.5
+ 20.1

119.5

3
0.6%
60.0 k 5.4
51.9 k 5.8

k
f

0.44
26.5

3
6.2%
90.0
35.1

LOW
-

4
k
f

1.5
23.2

3

t
+

4.8
7.4

+

1.1%
50.1 + 5.2
58.0 + 5.3

1.03
40.8 * 0.4
189.5 f 54.0
3
0.3%
61.3
33.8

k
k

1.2
3.1

5
0.97
45.4
85.2

+
+

1.5
19.7

3
0.2%
45.0 + 7.8
59.5 + 9.6

Sister wells of tissue were cultured on glass coverslips at the same plating densities (high, 10 telencephalons/50
ml; medium, half concentration
of high; low, half
concentration
of medium) and received similar kainic acid (KA) treatments (-, without KA, +, with KA). The number of neurons (Exp. 1) or the percentage of neurons
(Exp. 2) was estimated (in 1.3 mmz) by immunohistochemical
analysis of coverslips using anti-MAP5
and anti-vimentin
antibodies to count cell bodies of neurons and
the nuclei of neurons and non-neuronal
cells, respectively. In Exp. 1, there was no significant effect of KA treatment on protein content/well or on aromatase activity;
there was a significant effect of plating density on protein content/well (FC1,27j= 4 19; p < 0.05) but not on aromatase activity with no interaction effect. In Exp. 2, there
was a significant effect of KA treatment (F,,,,,, = 33.9; p c 0.0001) and of plating density (FC5,17j= 7.98; p = 0.01) on protein content/well
and a significant effect of
kainic acid treatment (F,,,,, = 24.6; I, -C 0.0003) but not plating density on aromatase activity, with no interaction effects.
N, number of wells/group.

density, respectively (Table 2). Kainic acid further reduced the
number of neurons present in these cultures. When averaged
over the three experiments, neuron numbers were reduced by
57%, 55%, and 48% in high, medium, and low plating densities,
respectively. Nevertheless, kainic acid did not always reduce
the total protein content (Table 2, Fig. 6, top), suggestingthat
glia continue to proliferate in the presenceof kainic acid.
Aromataseactivity wasnot reducedby treatmentsthat reduced
neuronal numbers.For example, in experiment 2 (Table 2), although neuronnumberswerereducedat low plating densitiesand
varied as much as 30-fold as a function of plating density, aromataseactivity wasrelatively unaffectedand remainedhigh (- 32.5
pmoL’l5 mim’mg protein). Similarly, although kainic acid dramatically reducedneuron numbersin all experiments,it had relatively little effect on aromataseactivity. In experiments1 and 3,
there wasno significanteffect of kainic acid on aromataseactivity
at any plating density (Fig. 5, Table 2). In experiment 2, kainic
acid reducedneuron numbersby as much as 8 l%, and increased
aromataseactivity significantlyat all plating densities.The lossof
protein in the latter experiment suggests
that glia did not replace
the neuronslostto kainic acid. Moreover, the increasein aromatase
activity (per mg protein) suggests
that cellsexpressingaromatase
activity were enrichedby kainic acid treatment. In this latter experiment, in which aromataseactivity wasextremely high in the
virtual absenceof neurons(- 58.5 pmoYl5 min/mg protein), we
confirmed the identity of the estrogenicproducts by recrystallization (for E, and E,, respectively, 523/530 and 378/411
95% and 100%recovery).
~pm,ti,~dpmmo,her
liquor,
Aromatase activity in neuron-enrichedand glia-enriched
cultures
Aromatase activity was alsomeasuredin glia-enriched cultures
or in neuron-enriched cultures. Visual inspection with phasecontrast microscopy showed neurons to be absent from gliaenrichedcultures (not shown). By contrast, the neuron-enriched
cultures were not free of glia, but neurons were always present
in equal or greater numbers than were glia. Two 75 cm* flasks
containing glia and one enriched with neurons were incubated
with 3H-AE (65 nM) for 3 hr. Estrogenswere formed in large
amounts in all three flasks (54.4 pmol/mg glial protein; 22.7
pmol/mg neuronal-enriched protein).

Northern analysis and in situ hybridization analysis of
aromatasein telencephaliccell cultures
To determine if the aromataseenzyme activity wasreflected in
aromatasemRNA levels, in situ hybridization was performed
on the primary mixed cultures. Typical results are shown in
Figure 7, where aromatasemRNA could be detected clearly in
neuronal cell bodies and their processes.In addition we also
observed large clustersof label in thesecultures that varied in
size and intensity, but which we could not clearly assignto
specificcell types, becauseindividual cellscould not be resolved
in the denseglial mat.
Accordingly, we preparedglial cultures that were free of neurons and in which glia could be resolved asindividual cells,and
we examined thesecultures by in situ hybridization histochemistry (Fig. 7). In thesecultures, aromatasemRNA was detected
clearly within the cytoplasm of these cells, but with a heterogeneousappearance.Although low levels of aromatasemRNA
could be seenas uniform labeling throughout the cells, much
of the labeling appeared punctate. Thus, these in situ hybridization studiesindicate that aromatasemRNA is presentin these
non-neuronal cells, consistent with the finding of aromatase
activity in these cultures.
To further characterize the aromatasemRNA giving rise to
the in situ hybridization signal, total RNA was prepared from
both the neuron-enriched and glia-enriched cultures and subjected to Northern blot analysis(Fig. 8A). The probe for zebra
finch aromataserecognized a band of approximately 5.3 kb in
lanes loaded with total mRNA from both neuron- and gliaenriched cultures, and from whole ovary. When the amounts
of total RNA loaded in eachlane were taken into consideration,
the steady-statelevels of aromatasemRNA presentin the neuron-enriched cultures were significantly higher than the steady
statelevels presentin the glia-enrichedcultures. This is in sharp
contrast to the levels of enzyme activity present in the two cell
culture preparations, where activity measuredin glia-enriched
cultures wasabout twofold greater than in neuron-enriched cultures. In a secondexperiment, we loadedequal amounts (15 pg)
of total RNA from glia-enriched and neuron-enriched cultures
(Fig. 8B). In this case,neuron-enriched cultures contained 616-fold more aromatase mRNA after scanning two separate
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Figure 7. In situ hybridizationof a digoxigenin-labeled
aromatase
cDNA probewith cellsin mixed-primaryculturesof zebrafinchtelencephalon
(left) or .&a-enrichedcultures(right). Neuronswereclearlylabeledin mixed-cultures(top left), aswereunidentifiedlargecellsin the underlying

glialmat. Presumably,the unidentifiedlabeledcellsin mixed-primarycultureswereglia,sinceindividualgliawereclearlylabeledwhentheywere
culturedfreeof neuronsandat a lowerplatingdensity(topright). Whenthe cDNA probewaseliminatedfrom the reaction(bottom),both neurons
(bottomleft) andglia (bottomright) remainedunlabeled.Scalebars,26pm.
autoradiograms(exposedfor different times) with a MicroScan
1000 2D Gel Analysis System (Technology ResourcesInc,
Nashville, TN).
Discussion
These studiesprovide severallines of evidence that in primary
cultures of the developing zebra finch telencephalon,aromatase
is expressedin both neuronsand non-neuronalcells,presumably
astrocytes. Evidence that aromataseis expressedin non-neuronal cellsis derived from severalsources.First, aromatasewas
expressedat unusually high levels in mixed cultures when nonneuronal cells predominated, accounting for greater than 90%
of all cells. Second,asthe cultures aged,levels of aromatasedid
not decreasein correlation with the decline in the incidence of
neurons. Third, aromatasewas expressedat comparable levels
at various plating densities,independent of neuronal numbers.
Fourth, reducing or eliminating neurons by treatment with a
neurotoxin failed to reducearomataseactivity. Fifth, aromatase
activity persistedat high levels in glial culturesin which neurons

were removed physically by vigorous shaking. Sixth, a cDNA
probe encoding zebra finch aromatasehybridized to RNA on
Northern blots extracted from similar glial preparations. Finally, non-neuronal cells, with the morphology of astrocytes,
stained positively for aromatasemRNA after in situ hybridization with the digoxigenin-labeledzebra finch specificaromatase
probe. Evidence that aromataseis expressedin neurons is also
derived from severalsources.First, aromataseactivity is present
in cultures enriched with neurons by growing cells in medium
optimally suited for neuronal growth. Second, the zebra finch
aromatasecDNA hybridized strongly to small amountsof RNA
from these neuron-enriched cultures, relatively more strongly
than to RNA from pure glial cultures. Finally, neurons were
darkly labeled after in situ hybridization with the zebra finch
digoxigenin-labeled aromataseprobe.
The presenceof aromatasein neuronsis not unexpected.Aromatase is usually expressedmost abundantly in limbic brain
structures, where activity is thought to be located in neurons.
This conclusionis derived from three principal linesofevidence.
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5.3 kb-

Figure 8. A, Aromatase expression in glia-enriched

or neuron-enriched cultures of zebra finch telencephalon or in ovarian or telencephalic
homogenates. Aromatase mRNA of about 5.3 kb was detected in all tissues on Northern blots using a full-length 3.2 kb zebra finch aromatase
cDNA probe. RNA yields of the neuron-enriched cultures were significantly lower than glial cultures; this blot contained 2 pg of total RNA from
the neuron-enriched cultures (lane I) and 20 pg of total RNA from glia-enriched cultures (lane 2) and ovary (lane 3). B, When equal amounts of
mRNA were loaded onto gels, aromatase mRNA was measured to be 6-16-fold more abundant in neurons (lane I) than in glia (he 2). For
comparison, we also ran polyA+ RNA (3 pg each) isolated from homogenates of ovary (he 3) and whole female telencephalon (lane4).

First, when monolayer cultures of fetal rat hypothalamus are
treated with the neurotoxin kainic acid, there is a substantial
decline in aromataseactivity and in cells exhibiting neuronal
morphology and the neuronal marker SubstanceP,whereasnonneuronal cells and the glial marker, glutamine synthetase,are
relatively unaffected (Canick et al., 1986). Second,aromataseis
enriched in purified synaptosomalpreparations of the goldfish
brain (Mak et al., 1985)and quail hypothalamus (Schlingerand
Callard, 1989) suggestingthat it is presentin nerve terminals.
Finally, aromataseimmunoreactivity is detectable in cells presumed(on the basisof morphological criteria) to be neuronsin
mammalian and avian brain sections(Shinoda et al., 1989a,b;
Balthazart et al., 1990, 1991a; Sangheraet al., 1991). In quail
hypothalamus-preoptic area, aromatase immunoreactivity is
found in synaptic terminals (Naftolin et al., 1990).
Aromatase mRNA was apparently distributed throughout
neuronal somataand also in neuritic processes.This latter observation agreeswith the aforementioned observations of aromataseprotein in processesand nerve terminals (Mak et al.,
1985; Schlinger and Callard, 1989; Balthazart et al., 1990; Naftolin et al., 1990). These data lend additional support for the
view that estrogensynthesisin processesand in terminals are
important properties of at least someneurons.Becausecellsthat
expressaromatasedo not alwaysexpressestrogenreceptors(Balthazart et al., 1991b), the site of action of estrogensynthesized
in such cells may be on processes,terminals, or postsynaptic
membranesof the sameor other cells. Estrogen receptor immunoreactivity hasalsobeendetected in thesesamesubcellular
components (Blaustein et al., 1992) suggestingthat estrogen
acts outside of cell nuclei. Alternatively, one or more neurons
expressingnuclear estrogenreceptor may be provided with estrogensif they are near or contacted by aromatase-positiveprocessesor terminals. The mechanismsfor supply of estrogento
estrogen-sensitiveneural circuits remainsto be fully elucidated.
The presenceof aromataseactivity in non-neuronal cellsrepresentsa new cellular localization for this enzyme in the vertebrate brain. Interestingly, despite measurablearomataseactivity in zebra finch telencephalon(aswell asin rat and monkey
preoptic area), immunohistochemical studieshave failed to label cell bodies in thesebrain regions(Shinoda et al., 1989a,b;
Balthazart et al., 1990; Sangheraet al., 1991) using antibodies

raised against human placental aromatase (Shinoda et al.,
1989a,b; Balthazart et al., 1991a)or againsta synthesizedpeptide fragment of a highly conserved region of the aromatase
protein sequence(identical in rat, human, chicken) (Sanghera
et al., 1991). It is possiblethat aromataseimmunoreactivity is
only detectable when present at very high concentrations in a
few cells. The absenceof immunoreactivity in rat and monkey
preoptic area or zebra finch telencephalon may represent low
enzyme abundance per cell, despite its presencein numerous
individual cells. A secondpossibility is that aromatasemay be
presentin axons or terminals within thesebrain regions,derived
from neurons whose somata lie elsewhere (Shinoda et al.,
1989a,b;Naftolin et al., 1990; Balthazart et al., 1991a).A third
possibility is that aromatasemay exist in brain in severalforms,
not all of which are recognized by the antibodies. For example,
aromatasein the songbirdbrain may be expressedby a distinct
form of the enzyme within neuronsin limbic brain and a second
form within non-neuronal cells in the telencephalon. Further
studiesare required to resolve this issue.
Aromatase was extremely active in these primary cultures,
whether enriched in neurons or in glia. For example, activity
rangedfrom 0.13 to 6.67 pmol estrogen/min/mg protein, levels
that greatly exceed the activities previously detectedin cell cultures of fetal rat hypothalamus, adult turtle forebrain or adult
teleost preoptic area/hypothalamus (0.27, 1.1, 18.0 pmol estrogen/24 hr/mg cell protein, respectively) (Canick et al., 1977,
1986; Callard, 1980, 1984). Moreover, the activity seenin cell
culture is more than loo-fold and 20-fold greater than that
measuredin homogenatesor microsomal preparations, respectively, of developing zebra finch telencephalon (Schlinger and
Arnold, 1992a). Presumably, this high activity resultsfrom enrichment in vitro of cell types that expressaromataseactivity.
It is also possible that regulatory mechanismspresent in the
telencephalonin vivo are altered in homogenatesor in cultures,
causingthe observed differencesin activity. For example, products secretedby neuronsor other cellsto inhibit the expression
of aromatasein glia might be reducedor absentin thesecultures.
Circulating sex steroids (Roselli et al., 1984; Hutchison and
Steimer, 1986; Roselli and Resko, 1986; Pasmaniket al., 1988)
or their metabolites (Schumacheret al., 1991) and CAMP (Callard, 1981) have all been shown to influence aromataseexpres-
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sion in limbic brain. However, we know little about the regulation of aromatase in the developing zebra finch telencephalon.
For example, castration reduces and T treatment restores aromatase activity in the zebra finch preoptic area of adult males,
but has no effect on aromatase in microdissected regions of the
telencephalon (Vockel et al., 1990). It will be important to determine whether such regulatory factors exist and how they
might influence the estrogen synthetic capacity of the telencephalic glia.
The presence of aromatase in non-neuronal cells suggests that
these cells may be a site of estrogen action. Neurons are generally
considered the primary estrogen targets in brain since sex steroid
receptors are most abundant in neurons (Pfaff and Keiner, 1973;
Gahr et al., 1987) and most studies of steroid action in brain
have involved measurements of neurons (McEwen et al., 1982;
Pfaff, 1983; Arnold and Gorski, 1984). Nevertheless, there is
evidence for actions of estrogens on glia. For example, estrogen
treatment increases the number of processes of GFAP-positive
cells (presumably astrocytes) in the globus pallidus and hippocampus of adult female rats (Tranque et al., 1987; Luqui et al.,
1993) and in primary cultures of fetal rat hypothalamus (GarciaSegura et al., 1989). Moreover, there is evidence for estrogen
receptors in glial and ependymal cells (Pfaff and Keiner, 1973;
Jung-Testas et al., 1992; Langub and Watson, 1992). Previous
studies have found estrogen-concentrating or estrogen receptor
immunoreactive neurons in several telencephalic structures in
the songbird brain (Gahr et al., 1987; Nordeen et al., 1987;
Gahr, 1990) but have not reported estrogen receptors in glia.
We were interested in the observation that while aromatase
activity and aromatase mRNA were present in both glia-enriched and neuron-enriched cultures, mRNA abundance did not
correspond with relative enzyme activity in these cellular preparations. Specific enzyme activity in the glia-enriched cultures
was approximately twofold greater than in neuron-enriched cultures, but the amounts of aromatase mRNA were 6-16-fold
lower. We cannot account for this discrepancy, but it suggests
that aromatase mRNA is less stable in glia than in neurons, or
that the aromatase protein is more stable in glia, or that rates
of translation of the aromatase mRNA in the two cell types are
different. This implies that different mechanisms are operative
to regulate aromatase in these discrete cell types, perhaps contributing to developmental and regional changes seen in the
activity of the enzyme (Vockel et al., 1990; Schlinger and Arnold, 1991, 1992a).
It is well established that the telencephalic neural circuitry
underlying singing behavior is highly sensitive to estrogen. Not
only does exogenous estrogen treatment during early development cause extensive masculinization of the song system (Gurney and Konishi, 1980), but estrogen receptor immunoreactive
cells, assumed to be neurons, are present near the neural regions
controlling song (Gahr et al., 1987; Nordeen et al., 1987; Gahr
and Konishi, 1988). Furthermore, it is likely that the active
estrogen is formed in the brain (Schlinger and Arnold, 1992a,b).
Although aromatase may also be present in neurons, it is interesting to speculate that in addition, estrogens formed in nonneuronal cells might be transported to neurons, where they act
to organize brain circuitry. Since estrogens formed in brain enter
the general circulation (Schlinger and Arnold, 1992, 1993), it is
likely that they also enter nearby steroid-sensitive neurons.
We are impressed by the rate of uptake, conversion and release
of sex steroids by these cultures. As discussed above, rates of
aromatization per minute in these cultures were comparable to

rates per hour or day in brain cell cultures of other vertebrates
(Canick et al., 1977, 1986; Callard, 1980, 1984). It will be interesting to determine whether additional cellular mechanisms
are present to increase the velocity of these reactions. For example, are there particularly efficient mechanisms for cellular
transport of steroids? If so, does this mechanism also account
for the efficient release of estrogen from the brain and for the
brain’s role as the primary source of estrogen found in the circulation ofadult male zebra finches (Schlinger and Arnold, 1992b,
1993)?
The present data also raise the question of the importance of
estrogen metabolism in sexual differentiation of the zebra finch
telencephalon. The presence of aromatase, in non-neuronal cells
in or near brain regions controlling song, suggests that these cells
may be involved in sexual differentiation of this behavior. However, since hatchling males and females possess similar levels
of telencephalic aromatase and aromatizable androgens in blood
(Adkins-Regan et al., 1990; Schlinger and Arnold, 1992a), it
may be that estrogens in brain are differentially activated in
males or inactivated in females. The present data, that estradiol
and estrone are themselves metabolized in these cultures at
longer incubation times, confirm our previous studies in tissue
homogenates indicating that estrogen metabolism in the zebra
finch telencephalon is quantitatively important (Schlinger and
Arnold, 1992a). It will be important to establish the identity of
products of estrogen metabolism before we can ask whether
these conversions are linked to sexual differentiation of the brain.
The presence of aromatase in non-neuronal cells from the
developing zebra finch telencephalon is a fascinating new development in our efforts to understand the hormonal basis of
sexual differentiation of the zebra finch song system. Although
these results also indicate a neuronal localization for aromatase
activity, they potentially provide a new view of how estrogens
may be supplied to estrogen-sensitive neural circuits and may
help account for the capacity of the songbird brain to secrete
estrogen into the general circulation. Moreover, it will be important to determine whether non-neuronal cells are themselves
sites of estrogen action. The high expression of aromatase in
these cell cultures helps in our efforts to explore properties of
this enzyme, its regulation, its interaction with other steroid
synthetic or metabolic enzymes, and its role in neural development.
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