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Steroid Hormones Act Transsynaptically within the
Forebrain to Regulate Neuronal Phenotype and
Song Stereotypy
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!Graduate Program in Neurobiology and Behavior, 2Department of Psychology, *Department of Biology, and *Department of Otolaryngology, University of
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Steroid sex hormones induce dramatic seasonal changes in reproductive related behaviors and their underlying neural substrates in
seasonally breeding vertebrates. For example, in adult white-crowned sparrows, increased Spring photoperiod raises circulating testos-
terone, causing morphological and electrophysiological changes in song-control nuclei, which modify song behavior for the breeding
season. We investigated how photoperiod and steroid hormones induce these changes in morphology, electrophysiology, and behavior.
Neurons in a song premotor nucleus, the robust nucleus of the arcopallium (RA), show increased intrinsic spontaneous firing rate and
soma size when birds are in breeding condition. Using combinations of systemic and unilateral local intracerebral hormonal manipula-
tions, we show that long-day photoperiod accelerates the effects of systemic testosterone on RA neurons via the estradiol-synthesizing
enzyme aromatase (CYP19A1); these changes require inputs from the afferent song control nucleus HVC (used as a proper name) and
steroid receptor activation within HVC; local coactivation of androgen and estrogen receptors (ARs and ERs, respectively) within HVC,
but not RA, is sufficient to cause neuronal changes in RA; activation of ARs in RA is also permissive. Using bilateral local intracerebral
hormone-receptor blockade, we found that ARs and ERs in the song-control nucleus HVC mediate systemic testosterone-induced
changes in song stereotypy but not rate. This novel transsynaptic effect of gonadal steroids on activity and morphology of RA neurons is

part of a concerted change in key premotor nuclei, enabling stereotyped song.

Key words: androgen; estrogen; testosterone; electrophysiology; birdsong; seasonal plasticity

Introduction

Steroid sex hormones modulate both the electrophysiological
and morphological properties of adult neurons, but how these
changes directly modify behavior is unclear. Seasonally breeding
species are useful model systems for studying hormone effects in
behaviorally relevant circuits in adult animals (Tramontin and
Brenowitz, 2000). In such species, the brain nuclei that control
behaviors related to reproduction change dramatically in both
structure and electrophysiology with each breeding season. These
changes are mediated primarily by steroid sex hormones; longer-
day lengths trigger an increase in plasma testosterone (T) level
(Brenowitz, 2004). Although seasonal plasticity is found in all
vertebrate classes, songbirds provide a particularly useful model
system for studying seasonal hormone-driven changes in a be-
haviorally relevant circuit.
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Songbirds provide several advantages. Song is a learned be-
havior with known function (Marler and Slabbekoorn, 2004 ) that
is mediated through discrete neural circuits (see Fig. 1A). Song
learning, adult song behavior, and the underlying neural circuit
are sensitive to sex steroids, and steroid receptors or their mRNA
are present in all of the major song nuclei (see Fig. 1 A) (Arnold et
al., 1976; Gahr et al., 1993; Nastiuk and Clayton, 1995; Smith et
al., 1996; Bernard et al., 1999; Metzdorf et al., 1999; Soma et al.,
1999b; Fusani et al., 2000; Kim et al., 2004). In seasonally breed-
ing songbirds, there are pronounced hormone-driven seasonal
changes in volume and neural morphology of song nuclei, which
are accompanied by changes in stereotypy, duration, and pro-
duction rate of song (Nottebohm, 1981; Tramontin and Brenow-
itz, 2000; Ball et al., 2004; Brenowitz, 2004). Only recently have
seasonal changes in avian neuronal activity begun to be studied,
with research generally focusing on how auditory stimuli are dif-
ferentially processed (Del Negro and Edeline, 2002; Lucas et al.,
2002, 2007; Del Negro et al., 2005) or on how changes in the
electrophysiological properties of song nuclei might underlie
changes in song behavior (Park et al., 2005; Meitzen et al., 2007).

We focus on how steroid hormones act on the telencephalic
song nucleus HVC (used as a proper name) (Reiner et al., 2004)
to induce changes in song behavior and the intrinsic spontaneous
activity of neurons in the robust nucleus of the arcopallium (RA),
a premotor nucleus efferent to HVC. RA occupies an important
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place in the motor circuit for song production (see Fig. 1 A), its
cellular physiology has been well described (Mooney 1992; Spiro
etal., 1999), and it exhibits dramatic seasonal plasticity in intrin-
sic activity, nucleus volume, neuron soma size, dendritic arbors,
neuronal spacing, NMDA receptor subunit composition, and
metabolic activity (Hill and DeVoogd, 1991; Singh et al., 2003;
Brenowitz, 2004; Park et al., 2005; Meitzen et al., 2007).

We show that coactivation of androgen and estrogen recep-
tors (ARs and ERs, respectively) in HVC induces changes in RA
intrinsic spontaneous activity and morphology and that direct
activation of androgen receptors in RA is permissive for these
changes to occur. A long-day photoperiod typical of the breeding
season decreases the time required for T to induce changes in RA
by increasing the metabolism of T to 173-estradiol (E,). Finally,
activation of androgen and estrogen receptors in HVC is neces-
sary for T-induced changes in song stereotypy but not song rate.

Materials and Methods

Animals

The Institutional Animal Care and Use Committee at the University of
Washington approved all procedures used in this study. We collected 79
adult male Gambel’s white-crowned sparrows (Zonotrichia leucophrys
gambelii) in Eastern Washington during each autumnal migration from
2003-2006. These birds were housed in outdoor aviaries for up to 30
weeks before being placed in indoor aviaries. They were maintained in-
doors on a short-day photoperiod (SD) (8 h light, 16 h dark) for at least
10 weeks before use to ensure that they were photosensitive and therefore
responsive to steroids and long-day photoperiod (LD) (20 h light, 4 h
dark) typical of their Alaskan breeding grounds. Birds kept on SD main-
tain regressed testes, song nuclei, RA intrinsic activity, and basal levels of
T typical of the nonbreeding season. Food and water were available ad
libitum throughout the experiment. Birds were individually housed in
indoor cages and could see and hear the other birds housed in the same
room.

Systemic hormone and photoperiod manipulations

Some birds were implanted subcutaneously with single capsules of ste-
roid hormones and either shifted to LD or kept on SD photoperiod.
Steroid implants were made from SILASTIC tubing [inner diameter
(i.d.), 1.0 mm; outer diameter (0.d.), 2.0 mm; length, 12 mm; VWR, West
Chester, PA)] filled with crystalline 17-3 estradiol, or testosterone, as in
the study by Tramontin et al. (2003). Some birds received two subcuta-
neous SILASTIC implants (i.d., 1.0 mm; o.d., 2.0 mm; length, 9 mm) of
the aromatase inhibitor 1-4-6-androstatrien-3,17-dione (ATD; Sigma,
St. Louis, MO) as in the study by Moore et al. (2004). The implants were
rinsed with ethanol and soaked overnight in 0.1 M PBS before implanta-
tion. Birds housed on LD were implanted with T, because exposure of
wild-caught birds to LD alone in the laboratory does not elevate circu-
lating T levels into the physiological breeding range of 4-25 ng/ml ob-
served in wild Gambel’s white-crowned sparrows (Wingfield and Farner,
1978; Wingfield and Moore, 1987; Smith et al., 1995). All other groups
were maintained on SD to mimic conditions in their winter range. Birds
maintained on SD were not castrated before implantation, because they
have regressed testes that have been shown not to secrete significant levels
of T (Smith et al., 1995; Tramontin et al., 2000). We note that circulating
steroid hormone levels are not necessarily identical to those in the brain
parenchyma because of local neurosteroid synthesis (Schlinger and Lon-
don, 2006).

Time course experiment methods

To explore the effects of photoperiod, we investigated the time course of
the change from low to high firing rates induced by systemic T under
conditions of LD and SD. We treated 28 birds systemically with T and
exposed 14 of them to LD and 9 to SD. Five birds were killed immediately
(0 d time point). Five birds exposed to SD and systemic T were killed on
day 21 and four on day 42. The SD and systemic T day 21 data in this
study (Fig. 24, , ;) are from the study by Park et al. (2005, their Tables 2
and 3) (n = 35 units obtained from five birds; average spontaneous firing
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rate, 1.7 = 0.2 Hz; average soma area, 91.6 * 6.4 um?). We killed three
birds exposed to LD photoperiod and systemic T on day 4, three on day
11, three on day 14, and five on day 21.

HVC lesion surgery
Methods for lesioning HVC were as described by Brenowitz and Lent
(2001). Briefly, the bird was anesthetized using isoflurane (1-chloro-2, 2,
2-trifluoroethyl difluoromethyl ether) (Hospira, Lake Forest, IL). HVC
was lesioned unilaterally with 1% racemic N-methylaspartate (NMA) in
PBS, pH 7.4 (Sigma-Aldrich, St. Louis, MO). We made lesions in both the
rostral main corpus and caudomedial extension of HVC at the following
stereotaxic coordinates (relative to the intersection of the midsagittal and
transverse sinuses and the brain surface, with the intersection of the
sinuses aligned with the center of the ear bars of the stereotaxic device):
anteroposterior, 0.0 mm (rostral) and 0.3 mm (caudal); mediolateral, 1.8
mm (caudal) and 2.8 mm (rostral); and depth, 0.5 and 0.7 mm (rostral)
and 0.65 mm (caudal). We injected 800 nl of racemic NMA at each depth
for the rostral site and at the single caudal site using a customized pres-
sure delivery system. We alternated lesions between the left and right
HVC in successive birds. Beginning immediately after the lesion surgery,
we exposed each bird to LD photoperiod and systemic T for 21 d, at
which time we killed the bird and prepared brain slices for recording.
At the end of the recording session, we fixed, resectioned, and stained
with cresyl violet each slice containing HVC or lesion damage as de-
scribed below (see Brain histology and morphometry). We verified the
extent of the lesion using previously published techniques (Brenowitz
and Lent, 2001). To summarize, we projected a magnified image of each
section containing HVC and traced onto paper the Nissl-defined borders
of contralateral and ipsilateral (if any) HVC. The borders of song nuclei
as defined by Nissl-stain coincide with the borders as defined by other
labels (for review, see Tramontin and Brenowitz, 2000). We digitized
these tracings using a scanner and estimated the volumes of unlesioned
HVC and remaining lesioned HVC as in the study by Brenowitz and Lent
(2001). We divided the volume of the remaining lesioned HVC (if any)
by that of the contralateral unlesioned HVC, and this yielded the percent-
age of HVC lesioned. Previous studies have reported no differences be-
tween left and right HVC volumes in intact white-crowned sparrows (for
review, see Brenowitz and Lent, 2001). The lesion eliminated 88 —-100%
of HVC compared with the intact side, with the average portion of HVC
lesioned being 95 * 5% (see Fig. 1C).

Osmotic pump and intracerebral infusions surgery

Some birds were implanted under anesthesia with an osmotic pump
(Alzet, Cupertino, CA) (length, 17 mm; diameter, 6 mm; filled weight,
0.5 g; model 1002, 14 d delivery, or 1007D, 7 d delivery) filled with 100 ul
of dihidrotestostrone (DHT) and E, [0.01 mg/ml each of DHT and E,,
dissolved in dimethyl sulfoxide (DMSO; Fisher Scientific, Pittsburgh,
PA) and 1,2-propanediol (Sigma)] or the AR antagonist flutamide
(Sigma) (0.05 mg/100 ul dissolved in carbowax-polyethylene glycol-PEG
300; Electron Microscopy Services, Fort Washington, PA), or a combi-
nation of flutamide (concentration same as above) and the ER antagonist
faslodex (also known as ICI 182,780; Tocris Bioscience, Ellisville, MO)
(0.03 mg/100 pl; dissolved in DMSO and PEG300). We used DHT and E,
instead of T to directly and selectively activate ARs and ERs, and because
the efficiency of T metabolism to DHT and/or E, may vary with photo-
period (Soma et al., 1999a, 2003; Riters et al., 2001; Forlano et al., 2006).
We used plastic tubing (Scientific Commodities, Lake Havasu City, AZ)
(85 durometer vinyl; 0.068 mm i.d.; 0.1143 mm o.d.) to connect the
pump to a cannula inserted either adjacent to the rostrolateral border of
HVC (anteroposterior, 0.0 mm; mediolateral, 3 mm; depth, 0.7 mm) or
near the dorsocaudal border of RA (anteroposterior, 2.25 mm; medio-
lateral, 3.35; depth, 2.35 mm). We alternated cannula placement between
the left and right hemispheres in successive birds in each group that
received unilateral infusions. Later histological inspection showed that
the distance between the terminus of all cannula tracks and the nearest
edge of the target nucleus was within 1.05 mm (mean = SEM distance to
HVC: 0.68 = 0.04 mm, range, 0.30—1.00 mm; to RA: 0.66 = 0.11 mm,
range, 0.15-1.05 mm) and did not differ between groups ( p > 0.05;
ANOVA). The positive results of the manipulations that we report below
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demonstrate that locally infused steroid hormones reached the intended
target nucleus at effective concentrations. Also, steroid hormones are
lipophilic and thus readily diffuse through brain tissue. We further en-
hanced steroid hormone diffusion by dissolving them in DMSO, a polar
solvent.

We placed each cannula near but not into HVC and RA to avoid
damaging the nuclei. Locally infused hormones or their antagonists likely
did not produce the results we report by acting on ERs or ARs outside of
HVC or RA. In white-crowned sparrows, ARs are expressed in HVC and
RA but not in the surrounding nidopallium and arcopallium (Smith et
al., 1996; Soma et al., 1999b). Similarly, ER«a are expressed in HVC (in-
cluding the caudomedial portion) but are not found in the surrounding
nidopallium in every songbird species studied to date, including white-
crowned sparrows (Gahr et al., 1993; Bernard et al., 1999; Metzdorf et al.,
1999; Fusani et al., 2000); ERB mRNA has been found in caudomedial
nidopallium of starlings but is not present in the song nuclei (Bernard et
al., 1999). Unlike some songbird species, ERs are expressed only sparsely
in the arcopallium dorsal to RA in white-crowned sparrows (Gahr et al.,
1993).

Because we infused HVC and/or RA for 21 d, on day 14, we replaced
the model 1002 pump with a model 1007D pump, which released the
same volume of solution over 7 d. To replace the pump, we cut the tube
attached to the cannula, inserted a tubing coupler made from the shaft of
a 22 gauge needle, and glued it to the tube of the new pump using
cyanoacrylate adhesive (Loctite 454; Alzet). We compensated for the
difference in release rate between pump models 1002 and 1007D to en-
sure that the final concentration of hormone delivered by the cannula
was identical.

Some pumps were implanted subcutaneously as in previous studies
(Soma et al., 2004; Thompson and Brenowitz, 2005). Other pumps were
placed in a custom built backpack strapped to the bird’s back using a
harness made from surgical dressing. To mount the osmotic pump in the
backpack, we used a 0.65 ml plastic microcentrifuge tube (ISC BioEx-
press, Kaysville, UT) and ground its top to a smooth surface. Using an 18
gauge needle, we made a hole in its cap. We filled the tube with 250 ul of
sterile avian saline. We threaded the output tube of the pump through the
hole in the cap and inserted the pump snugly into the microcentrifuge
tube until the lid snapped into place. We sealed the lid and tube extrusion
hole using cyanoacrylate adhesive and Parafilm (Fisher Scientific). We
placed the holder under a harness made from tubular elastic surgical
dressing retainer size 2 (Surgilast; Western Medical, Princeton, NJ) that
had been trimmed to the appropriate size, dipped in a water-diluted
solution of Elmer’s glue to reduce fraying, allowed to dry overnight, and
stretched. We cut holes through which the wings fit. The microcentrifuge
tube was secured to the harness using two sutures, at the top and bottom
of the tube. Pilot experiments showed that this arrangement kept the
pump at its proper operating temperature (37°C), and that the pump
retained saline throughout the entire release period. Most importantly,
the positive results reported in this study demonstrate that the harness
arrangement worked. This arrangement is less invasive compared with
the subcutaneous implantation technique.

Electrophysiology

Preparation of brain slices. Methods for preparing slices have been de-
scribed previously (Park et al., 2005). Briefly, each animal was anesthe-
tized with isoflurane and killed by decapitation, and the brain was dis-
sected rapidly into ice-cold, oxygenated artificial CSF (ACSF) containing
the following (in mwm): 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,, 1
NaH,PO,, 16.2 NaHCO;, 11 p-glucose, and 10 HEPES, osmolarity ad-
justed to 310-320 mOsm with sucrose. Parasagittal or coronal brain
slices (300 wm thick) were prepared using a Vibratome (Vibratome, St.
Louis, MO), and slices were stored at room temperature submerged in
bubbled ACSF in which HEPES was replaced with equiosmolar
NaHCOj;. All chemicals were obtained from Sigma-Aldrich (St. Louis,
MO).

Electrophysiological recording. Recording methods have been described
previously (Park et al., 2005; Solis and Perkel, 2006; Meitzen et al., 2007).
We allowed the slices to rest for 1 h after collection before recording.
Recordings were conducted blind as to hemisphere. For recording, a slice
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was submerged in a small chamber perfused with ACSF maintained at
30°C and containing 150 uMm picrotoxin (Sigma) to block inhibitory
GABA, receptors. Glutamate receptor antagonists do not affect sponta-
neous firing rate in RA (Park et al., 2005; Solis and Perkel, 2006). Single-
unit extracellular recordings were obtained from neurons within a region
that could be reliably identified as RA using transillumination. Only
well-isolated spikes with high signal-to-noise ratios were studied (see Fig.
1 B). Recording electrodes were made from pulled borosilicate glass pi-
pettes (World Precision Instruments, Sarasota, FL) with tips broken to a
resistance of 4—10 M() and filled with 0.9% NaCl. Extracellular poten-
tials were amplified 10 times using an Axoclamp 2B amplifier (Molecular
Devices, Foster City, CA) and amplified an additional 100 times using a
Brownlee model 410 amplifier (Brownlee Precision, Santa Clara, CA).
The filtered signals (low-pass filtered at 3 kHz) were then digitized at 20
kHz with either a National Instruments (Austin, TX) digitizing board
and stored on a personal computer using a custom data acquisition pro-
gram written in LabView (National Instruments) by Michael A. Farries
and David J. Perkel or digitized with a Digidata 1322A (Molecular De-
vices) and stored on a personal computer using pClamp 9 (Molecular
Devices).

Data analysis. Data analysis methods have been described previously
(Park et al., 2005; Solis and Perkel, 2006; Meitzen et al., 2007). Briefly,
spontaneous spike trains were analyzed off-line using a custom written
program in IGOR (Wavemetrics, Lake Oswego, OR) by Michele M. Solis
and David J. Perkel, and with pClamp9 (Molecular Devices). To ensure
that spike events were single units, we analyzed the spike amplitude,
waveform, and time derivative. We measured spontaneous activity for at
least 5 min and calculated the firing rate by dividing the number of spikes
observed by the duration of the recording.

Brain histology and morphometry

At the end of the recording session, we fixed each slice overnight in 4%
paraformaldehyde solution in 0.1 M PB at 4°C. The slices were then briefly
washed with 0.1 M PB, cryoprotected in 30% sucrose in 0.1 M PB, and
resectioned to a thickness of 50 um using a freezing microtome. We
mounted sections on slides and stained them with cresyl violet (see Fig.
1B). We measured the area of 100 neuronal somata in RA, using the
random systematic sampling method described by Tramontin et al.
(1998). Measurements were made blind to treatment group. Neurons
were distinguished from glia by having one round nucleolus, a well-
defined nuclear envelope, nongranular cytoplasm, and/or an obvious
axon hillock (Goldman and Nottebohm, 1983; Smith et al., 1995, 1997;
Tramontin et al., 1998). For additional discussion, see the study by Park
et al. (2005).

Song behavior

To analyze song behavior, we individually housed birds in sound isola-
tion chambers (Industrial Acoustics, Bronx, NY) immediately after sur-
gery (day 0) and continually recorded their vocalizations using Syrinx
software (John Burt, www.syrinxpc.com). We measured the rate of song
production by counting the total number of songs per day. We assessed
song variability (the inverse of song stereotypy) on days 13 and 20 after
the start of hormone infusion using the protocol described by Tramontin
et al. (2000). Briefly, we digitized songs from each bird using Syrinx and
measured 16 different temporal and spectral attributes of song (see Fig. 7,
Table 2) (Tramontin et al., 2000). To determine whether groups differed
in the stereotypy of the song attributes, we compared coefficients of
variation (CV = [SD/mean] X 100) between treatment groups. We con-
verted CV to units of percentage to facilitate comparisons. For each song
attribute, we calculated the mean value for each bird. We calculated mean
values for all song attributes by averaging across birds to create a group
mean for each song attribute and by averaging each bird’s 16 attributes
together to acquire an overall mean for that bird.

Hormone assay

On the day of each electrophysiological recording, we collected blood
from each subject into a heparinized microhematocrit tube and stored it
on ice until centrifugation (within 1 h). Plasma was harvested and stored
at —20°C for subsequent steroid radioimmunoassay (RIA). To measure
circulating T, we followed the RIA protocol of Tramontin et al. (2001),
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using a Coat-a-Count RIA kit (Diagnostic
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Table 1. Plasma hormone levels

Products, Los Angeles, CA). Because of a T as-
say failure, three samples were lost: one each

Hormone measured (ng/ml)

from the Day 14, LD+T; HVC Lesion, LD+T; Treatment group Number T DHT E
and FLUT near RA, LD+T groups (Table 1).  Day0,SD+T 5 0.09 + 0.01 NM NM
For some steroid infusion groups described in ~ Day21,5D + T 5 9.62 £1.75 NM NM
Table 1, we measured DHT, E,, and T from the ~ Day42,5D + T 4 9.15 *+0.77 NM NM
same blood samples, following the procedures  Day0,LD +T 5 0.09 = 0.01 NM NM
of Wingfield et al. (1991). DHT, E, and T frac-  Day4,LD +T 3 7.21 £ 081 NM NM
tions were isolated by column chromatography, Day11,LD +T 3 478 +0.56 NM NM
and plasma hormone concentrations were cor- ~ Day14,LD +T 2 14.27 = 0.76 NM NM
rected for individual extraction efficiency. De- ~ Day21, LD +T 5 .45 £1.28 NM NM
tection limits for the assay depended on the D 5 0.09 =001 NM NM
plasma volume used and the individual extrac- E[[)) _T_ L—E Z 131 ;;‘15 fo14278 100 Niw 027 15 NJ'\FA 255
. - _ o 2 4 =0 00 0. 53 =2
Eo/nm?_fféaef%yogjnH/Tr;ﬂ) Oﬂlli S‘;i/l mll(;srl\:x;ereor.l(l)ﬁ LD + T+ ATD 4 634 + 221 173 + 057 044 = 0.06
(TS By OO LEMY) nple HVC lesion, LD + T 3 1163 + 252 NM NM
in s.m.gle assays with the following intra-assay FAS + FLUT near HVC, LD + T 4 846 + 138 M NM
variations: DHT, 3.0%; T, 15.09%; E5, 13.0%.  pyr 1 ¢ nearHuc, SD 4 0.18 =+ 0.08 020 =+ 006 058 = 0.17
Statistics DHT + E, near RA, SD 4 0.09 = 0.05 0.13 +0.02 0.31 =0.10
We used one-way ANOVA for group compari- F,LUT near RA, LD + T 4 444 X071 NM NM
sons. When ANOVAs yielded significant re- B!Iat FAS.+ FLUT near HVC, LD + T 7 13.74 =174 NM NM
Bilat vehicle near HVC, LD + T 7 14,97 *0.85 NM NM

sults, we made pairwise comparisons using
Tukey’s or Dunnett’s post hoc test. The non-
parametric Kolmogorov—Smirnov two-sample
test (K-S test) was used for comparison of cumulative frequency distri-
butions between selected groups. An « level of 0.05 was used. For ana-
lyzing hemispheric differences in firing rate and soma area, we used
one-tailed paired ¢ tests. We used one-tailed tests, because we tested the
directional hypotheses that steroid hormones infused near HVC or RA
would increase ipsilateral firing rate and soma area, conversely, or, that a
lesion or steroid receptor antagonist would decrease ipsilateral firing rate
and soma area (Brenowitz and Lent 2001, 2002). A two-way repeated
measures ANOVA with Bonferroni post hoc tests was used to analyze
song rate. CV values for song attributes averaged across birds were not
normally distributed, so we tested for statistical significance using a Man-
n-Whitney U test or Wilcoxon signed rank test as appropriate. CV values
were also analyzed by calculating a mean CV for each bird; the resulting
distributions pass a normality test, and we therefore used ¢ tests.

Results

We recorded 708 single units from 65 male white-crowned spar-
rows. RA units were spontaneously active in vitro (Fig. 1B), as
previously described in zebra finches (Mooney, 1992; Spiro et al.,
1999; Solis and Perkel, 2006), song sparrows (Meitzen et al.,
2007), towhees (Meitzen et al., 2007), and white-crowned spar-
rows (Park et al., 2005). To ensure that spontaneous activity was
an intrinsic property of recorded neurons, the bath contained the
GABA, receptor antagonist picrotoxin (150 um), and previous
studies show that application of glutamate receptor antagonists
does not significantly affect in vitro spontaneous firing rate (Park
et al., 2005; Solis and Perkel, 2006). Additionally, the in vitro
brain slice preparation removed most excitatory afferents to RA,
and neurons in LMAN (Bottjer et al., 1998) and RA-projecting
neurons in the nucleus HVC are not spontaneous active in the in
vitro brain slice preparation (Dutar et al., 1998).

Plasma hormone levels

SILASTIC steroid pellets implanted systemically significantly in-
creased plasma levels of steroid hormones (Table 1) ( p < 0.001).
Testosterone implants significantly increased plasma steroid lev-
els into the physiological breeding range (Table 1) (Wingfield and
Farner, 1978). T levels were basal in the groups that did not
receive systemic T implants. For example, the HVC lesion group
had elevated T, because they received systemic T implants,
whereas the HVC DHT (dihidrotestostrone) + E, (estradiol)

Values are mean = SEM. The number column reports the number of animals. NM, Value not measured.

group had basal T, because they did not receive systemic T im-
plants (Table 1). In birds implanted systemically with E,, plasma
E, levels were high and likely above physiological breeding range
for males (Table 1) (for additional discussion, see Tramontin et
al., 2003). Birds systemically implanted with the estrogen-
synthesis inhibitor ATD had very low levels of E, (Smith et al.,
1997b; Tramontin et al., 2003). Circulating levels of DHT and E,
were very low in birds that received only intracerebral hormone
infusions, which shows that the infused hormones did not enter
the peripheral circulation in significant levels (Table 1).

Time course of firing rate increase is faster in LD than

SD photoperiod

LD photoperiod accelerated the time course of the systemic
T-induced increase in firing rate compared with SD photoperiod.
LD photoperiod and systemic T significantly increased spontane-
ous firing rate above day 0 at day 21 (Fig. 2A;) (p < 0.001) but
not at days 4, 11, or 14 (Fig. 24;) ( p > 0.05). Changes may have
begun earlier, however, as the mean firing rate at day 14 was not
significantly different from that at day 21 (Fig. 2A,) ( p > 0.05),
unlike day 0 (p < 0.001), day 4 (p < 0.01), and day 11 (p <
0.05). Similarly, by day 11, the cumulative distribution was al-
ready significantly different from that of day 0 (Fig. 2A,) (p <
0.01). In contrast, it was not until day 42 that the mean firing rate
of birds exposed to SD photoperiod and systemic T significantly
increased above the day 0 (Fig. 2B,) ( p < 0.05) and day 21 time
points (Fig. 2B;) ( p < 0.01). The SD and systemic T cumulative
distributions did not differ significantly from day 0 until day 42
(Fig. 2B,) (p < 0.01). The day 42 SD and systemic T firing rates
and the day 21 LD and systemic T rates were not significantly
different (¢ test; p > 0.05). These results indicate that LD photo-
period accelerated the T-induced increase in spontaneous firing
rates in RA.

The time course of growth of RA neuron size generally paral-
leled that of the increase in firing rate. Like the firing rate, the
mean soma area of birds exposed to LD photoperiod and sys-
temic T was not significantly increased from day O at days 4, 11, or
14 (Fig. 2 A5) ( p > 0.05) but was significantly increased by day 21
(p <0.05). In birds exposed to SD photoperiod and systemic T,
the change in mean soma area was also similar to that of firing
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Figure1. A, Simplified schematic of the avian song control system showing the distribution
of steroid receptors. HVC and RA are in the main descending motor circuit. RA projects to the
brainstem motoneurons that control the muscles involved with respiration and the sound pro-
duction organ, the syrinx. HVC, X, DLM, and LMAN comprise the anterior forebrain pathway
(AFP), which is necessary for song learning. DLM, Medial portion of the dorsolateral nucleus of
the anterior thalamus; LMAN, lateral magnocellular nucleus of anterior nidopallium; RA, robust
nucleus of the arcopallium; X, Area X, a subdivision of the medial striatum. B, Top, Representa-
tive extracellular recordings. An isolated unit from an LD photoperiod and systemic T-treated
bird is shown on the left. An isolated unit from an SD photoperiod-treated bird is shown on the
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rate, with mean soma area not being significantly increased from
day 0 or 21 until day 42 (Fig. 2B;) (p < 0.01). Together, these
data show that LD photoperiod accelerated the T-induced in-
crease in both RA soma area and spontaneous firing rate.

Faster increase in firing rate with LD than SD requires
estrogen synthesis

The more rapid increase in firing rate seen in LD photoperiod
may reflect increased metabolism of T to its estrogenic metabolite
E, in the forebrain (Soma et al., 1999a; Riters et al., 2001; Soma et
al., 2003; Forlano et al., 2006). To test this hypothesis, we manip-
ulated photoperiod and systemically exposed birds to different
combinations of T, E,, and the estrogen synthesis inhibitor ATD
for 3 weeks. Note that in the following studies, we compare the
results to groups labeled SD, SD+T, and LD+T. The SD group is
made up of nonbreeding condition birds identical to the Day 0
group above; the SD+T group is identical to SD+T, Day 21; and
the LD+T group is identical to the LD+T, Day 21 group.

E, accelerates the time course of the SD photoperiod and
systemic T-induced firing rate increase

We first exposed birds to SD photoperiod and systemic implants
of T and E, for 3 weeks. If SD photoperiod reduces E, availability,
then we would expect the combination of systemic T and E, to
increase firing rate and soma area over 21 d in SD birds, especially
because neither systemic T nor E, alone increases firing rate (Park
etal., 2005). Systemic T and E,, when combined with SD photo-
period, significantly increased spontaneous firing rate over 21 d
compared with SD with no hormone exposure (Fig. 34) (p <
0.001) and SD plus systemic T ( p < 0.001). The firing rates of
birds exposed to SD photoperiod and systemic T and E, for 21 d
were not significantly different from those exposed to LD and
systemic T ( p > 0.05). The cumulative distributions replicated
this result, with SD photoperiod and systemic T and E, exposure
significantly increasing firing rates compared with all other ma-
nipulations (Fig. 3B) (p < 0.0001 for all). Similarly, SD photo-
period combined with systemic T and E, significantly increased
soma area compared with SD alone (Fig. 3C) ( p < 0.05).

Inhibition of estrogen synthesis slows the time course of the

LD photoperiod and systemic T-induced firing rate increase

Conversely, systemic inhibition of estrogen synthesis blocks the
LD photoperiod and systemic T-induced increase in spontaneous
firing rates and soma size (Fig. 3A). In birds exposed to LD pho-
toperiod, systemic T, and the estrogen synthesis inhibitor ATD,
RA firing rates were significantly less than those in birds exposed
to LD photoperiod and systemic T alone (Fig. 3A) ( p < 0.01) and
SD photoperiod plus systemic T and E, ( p < 0.001). Firing rates
in birds exposed to LD photoperiod and systemic T and ATD
were not significantly different from those measured in birds
exposed to SD photoperiod alone or to SD photoperiod plus
systemic T ( p > 0.05). A cumulative distribution analysis yielded
the same conclusion, with ATD exposure blocking the LD pho-
toperiod and systemic T increase in firing rates compared with
those measured from LD photoperiod and systemic T alone, and

<«

right. Bottom, Representative Nissl-stained RA cells from an LD photoperiod and systemic
T-treated animal (on left) and a SD photoperiod-treated animal (on right). Scale bar, 5 wm. (,
Representative HVC lesion. Arrows indicate the border of remaining HVC. The plane is parasag-
ittal, and anterior is to the right. Scale bar, 500 m. D, Representative cannula track near HVC.
Arrows denote the border of HVC. The plane is coronal, and lateral is to the right. Scale bar, 500

m.
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SD photoperiod plus systemic T and E,
(Fig. 3B) (p < 0.0001). Firing rates from
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(Fig ) Figure 2.  Photoperiod modulates the time course of a T-induced increase in firing rate and neuronal growth in RA. AT-A3,

made unilateral excitotoxic lesions of
HVC (Fig. 1C) (average portion of HVC
lesioned, 95 = 5%) and exposed the birds
to LD plus systemic T for 21 d. These le-
sions completely blocked the LD plus sys-
temic T-induced increase in the ipsilateral RA spontaneous firing
rate and soma area (Fig. 4). Mean spontaneous firing rates in RA
were significantly higher on the intact side than the lesioned side
(Fig. 4A,) (p < 0.0001). A cumulative distribution analysis also
indicated that spontaneous firing rates were higher in the intact
hemisphere (Fig. 4A,) (p < 0.001). Similarly, mean soma area
was significantly higher in the intact hemisphere (Fig. 4A;) (p <
0.008).

ER and AR antagonists near HVC decrease firing rate and
soma area

To better determine whether ERs and ARs within HVC cells are
necessary for increased firing rate and soma size in RA, we infused
the ER antagonist faslodex and the AR antagonist flutamide uni-
laterally near HVC (Fig. 1 D) while exposing the birds to LD plus
systemic T for 21 d. We found that activation of both ERs and ARs
in HVCis necessary for the increase in firing rate and soma area in
the efferent nucleus RA (Fig. 4 B). ER and AR antagonists infused
near HVC decreased ipsilateral RA spontaneous firing rate com-
pared with the noninfused hemisphere (Fig. 4B;) (p = 0.0003).

Response to systemic T under LD photoperiod. B1-B3, Response to systemic T under SD photoperiod. Different letters indicate
significant differences between treatment groups. A7, B1, Spontaneous firing rate (mean == SEM). A2, B2, Cumulative frequency
distributions of firing rates (see Results for statistical significance). A3, B3, Soma area (mean = SEM).

A cumulative distribution analysis also indicates that firing rates
were lower in the infused hemisphere (Fig. 4B,) (p < 0.001).
Similarly, RA soma area was smaller compared with the nonin-
fused hemisphere (Fig. 4 B;) (p < 0.003).

DHT and E, near HVC increase firing rate and soma area

Coactivation of ARs and ERs in HVC is sufficient to increase
firing rate and soma area in RA (Fig. 4C). We infused DHT and E,
unilaterally near HVC for 21 d while maintaining birds on SD.
This treatment increased spontaneous firing rate [Figs. 4C, (p <
0.001), C, (p < 0.001)] and soma area (Fig. 4C;) (p < 0.01) in
the ipsilateral RA. The same treatment for 14 d, however, did not
significantly increase firing rate (ipsilateral, 1.6 = 0.3 Hz; con-
tralateral, 2.0 = 0.3 Hz; n = 27 and 29 units, respectively; n = 4
birds; p > 0.05) but did increase RA soma area (ipsilateral,
107.5 + 8.9 um?; contralateral, 70.6 * 1.9 um?; n = 4 birds; p <
0.02). A 14 d simultaneous unilateral infusion of DHT and E,
near both HVC and RA also did not significantly increase firing
rate (ipsilateral, 1.5 = 0.3 Hz; contralateral, 2.1 = 0.5 Hz; n = 25
and 24 units, respectively; n = 4 birds; p > 0.05) but did increase
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Figure3. Fasterincrease in spontaneous firing rate and growth of RA neuronsin LD than SD
photoperiod is attributable to increased availability of E,. Different treatment groups were
exposed to either an SD or LD photoperiod and received systemicimplants of T, E, , an inhibitor
of estrogen synthesis (ATD), a combination of implants, or no steroid implant. The letters above
the bars indicate significant differences between treatment groups. Numbers at base indicate
unitsand animals. A, Average spontaneous firing rates of each treatment group (mean == SEM).
B, Cumulative frequency distributions (see Results for statistical significance). (, Soma area
(mean = SEM). The SE of the SD+T+E, group is obscured by the mean.

soma area (ipsilateral, 93.0 = 3.8 wm?; contralateral, 72.1 + 2.6
p,mz; n = 4 birds; p < 0.01).

Infusing DHT and E, near RA does not increase firing rate or
soma area

Activating ARs in RA is not sufficient to increase spontaneous
firing rate and soma area. We infused DHT and E, unilaterally
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near RA while maintaining birds on SD for 21 d. Spontaneous
firing rate and soma area were not different in the infused RA
compared with the noninfused hemisphere (Fig. 54,-A;) (p >
0.05 for all).

Infusing AR antagonist near RA prevents the increase in
firing rate and soma area

Although activation of ARs in RA was not sufficient to induce
increased activity or soma size, it was necessary for these changes
induced by LD plus systemic T. We exposed birds to LD plus
systemic T while unilaterally infusing the selective AR antagonist
flutamide near RA for 21 d. Flutamide treatment prevented the
increase in RA firing rate compared with the noninfused hemi-
sphere (Fig. 5B;) (p < 0.0001). The cumulative distributions of
firing rates from each hemisphere were also significantly different
(Fig. 5B,) (p < 0.01). Soma area was significantly smaller in the
infused hemisphere compared with the noninfused hemisphere
(Fig. 5B;) (p < 0.03). A unilateral vehicle control infusion
showed no difference between hemispheres in either firing rate or
soma area (data not shown) ( p > 0.05).

ARs and ERs in HVC mediate increases in song stereotypy but
not song rate

We assessed the functional significance of ERs and ARs in HVC
on song behavior by exposing 14 birds to LD photoperiod plus
systemic T for 21 d while bilaterally infusing either vehicle (n = 7)
or a combination of the AR antagonist flutamide and the ER
antagonist faslodex (n = 7) near HVC. LD photoperiod plus
systemic T over time significantly increased song production in
both groups (Fig. 6) ( p < 0.0001), and song rate did not differ
between the vehicle and antagonist groups (Fig. 6) ( p > 0.05).

Song stereotypy, however, did differ between the vehicle and
the AR plus ER antagonist exposed groups (Fig. 7A,B). On day
20, we analyzed song stereotypy by measuring six temporal and
10 spectral attributes of song in both groups. The absolute mean
values were not different between the groups (Table 2) (p >
0.05). The coefficients of variation (CV = [SD/mean] X 100;
higher CV indicates lower stereotypy) did vary. Song was more
stereotyped on day 20 in birds infused with vehicle compared
with birds infused with AR plus ER antagonists, because the CVs
of the 16 measured song characteristics were significantly lower
in birds infused with vehicle compared with those infused with
antagonists (Fig. 7C) (Table 2; p = 0.02). Three individual mea-
surements in AR plus ER antagonist-treated birds had signifi-
cantly higher CVs compared with vehicle-treated birds (Table 2;
p < 0.05 for all three).

To study the time course of change in song stereotypy, we
measured song attributes at days 13 and 20 in both groups. Song
stereotypy significantly increased between days 13 and 20 in birds
infused with vehicle (Fig. 7D) (p < 0.0003) and did not differ
between days 13 and 20 in birds infused with AR plus ER antag-
onists (Fig. 7D) ( p > 0.05). Absolute mean values did not differ
( p > 0.05 for both groups). For the vehicle-treated birds, 8 of the
16 individual measurements had significantly lower CVs on day
20 compared with day 13 (Table 2) (p < 0.05 for all eight),
whereas in the AR and ER antagonist-treated birds, no measures
were significantly different (Table 2) ( p > 0.05 for all).

If we compare song stereotypy instead by calculating the mean
CV for each bird, the songs of vehicle-treated birds continue to be
significantly more stereotyped at day 20 than those of AR plus ER
antagonist-treated birds at day 20 (Fig. 7E) ( p < 0.006). The time
course of changes in song stereotypy also replicates the previous
analysis; song stereotypy significantly increased between days 13
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Role of aromatase

lesion of HVC with systemic exposure to LD and T for 3 weeks. B,~B;, The ER antagonist faslodex and the AR antagonist flutamide
unilaterally infused near HVC for 3 weeks, with systemic exposure to LD and T. C;—C;, DHT+E, unilaterally infused near HVC for 3
weeks with SD photoperiod. 4;, B;, C;, Firing rate (horizontal line indicates mean) in the lesioned or infused hemisphere com-
pared with the noninfused hemisphere. A,, B,, C,, Comparison of firing rate cumulative frequency distributions between the two
hemispheres (see Results for statistical significance). A;, B3, €5, Comparison of soma areas between the two hemispheres.
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minals within HVC (Peterson et al., 2005).
Regional aromatase activity changes sea-
sonally in song sparrows (Soma et al.,
2003) and starlings (Riters etal., 2001). An
important future direction of this work is
studying aromatase activity in white-
crowned sparrows.

A model of how T and its metabolites induce changes in
activity and morphology

This study shows that ARs and ERs within HVC are necessary for
an increase in firing rates and soma area in RA, extending previ-
ous, purely morphometric studies of RA afferent input (Herr-
mann and Arnold, 1991; Akutagawa and Konishi, 1994; Burek et
al., 1995; Brenowitz and Lent, 2001, 2002). By infusing DHT and
E, near HVC in SD birds, we demonstrated that coactivation of
ARs and ERs in HVC is sufficient for an increase in firing rate and

unilaterally infused near RA for 3 weeks under SD. B,~B;, Flutamide, an AR antagonist, infused near RA for 3 weeks with LD
photoperiod and systemic T. A,, B,, Firing rate (horizontal line indicates mean) in the infused hemisphere compared with the
noninfused hemisphere. A,, B,, The cumulative frequency distribution in the two hemispheres (see Results for statistical signifi-
cance). A;, B;, Comparison of soma areas between the two hemispheres.

soma area in RA. The same treatment near RA did not increase
firing rate or soma area.

Exposing RA neurons to the AR antagonist flutamide prevents
the increase in firing rate and soma size induced by LD photope-
riod plus systemic T. This suggests that activation of ARs in RA is
permissive for RA to respond to the trophic signal arriving from
HVC. One challenge to this hypothesis is explaining how com-
bined DHT and E, infusion near HVC alone accelerates RA firing
rates in SD birds. In this case, ARs in RA could be sufficiently
activated either by the low plasma T in SD birds (Schlinger et al.,
1992) or through de novo synthesis of androgens (Schlinger and
London, 2006). Other possibilities include changes in AR sensi-
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Figure6.  Androgen and estrogen receptorsin HVCare not necessary for LD photoperiod plus
systemic T-induced increases in song rate. Song rate does not differ between LD photoperiod
plus systemic T-treated birds that received bilateral infusions near HVC of vehicle or a combina-
tion of AR and ER antagonists ( p > 0.05).

tivity or number [e.g., Spring elevates AR immunoreactivity in
HVC in wild white-crowned sparrows (Soma et al., 1999b)].
More detailed studies of the hypothesized permissive role of ARs
in RA are required.

The specific nature of the trophic support provided by HVC to
RA is unclear, although it could involve neurotrophin release
and/or changes in synaptic activity (Brenowitz, 2004). One pos-
sibility is that one or more neurotrophins are expressed and re-
leased by HVC neurons and taken up by postsynaptic RA neu-
rons, because neurotrophins can undergo anterograde transport
(Kohara et al., 2001; von Bartheld et al., 2001). In support of this
suggestion, brain derived neurotrophic factor (BDNF) mRNA is
expressed by HVC neurons (but not RA neurons) in response to
systemic T treatment in canaries and white-crowned sparrows
(Rasika et al., 1999) (A. M. Wissman and E. A. Brenowitz, un-
published data). Infusion of recombinant BDNF near RA induces
seasonal-like neuronal growth (Wissman and Brenowitz, unpub-
lished data). In other systems, BDNF induces alterations in den-
dritic trees (McAllister et al., 1995), synapses (Poo, 2001), and
electrical properties, including spontaneous activity (Aguado et
al., 2003).

We propose the following model for how ARs and ERs affect
firing rate and soma area in RA (Fig. 8). Early in the breeding
season, increasing day length stimulates growth of the testes, el-
evating circulating T levels. Photoperiod and possibly increased T
levels stimulate greater aromatase activity or expression, result-
ing in increased local synthesis or delivery of E, to HVC. In HVC,
AR and ER activation enhances incorporation of new RA-
projecting neurons into HVC and increase synthesis of a trans-
synaptic trophic signal that drives changes in intrinsic activity
and morphology in RA. Given that increases in RA firing rate,
soma size, and nucleus volume occur after HVC grows (Fig. 2)
(Tramontin et al., 2000), the trophic signal produced by HVC
may either take time to be produced and transported, and/or new
RA-projecting neurons may need to be recruited to HVC and
establish synapses on the increased dendritic arbors of RA neu-
rons (Hill and DeVoogd, 1991). Finally, in RA, activation of ARs
plays a permissive role, enabling and/or amplifying the response
to the transsynaptic trophic signal released by HVC axons. Envi-
ronmental, social, or other supplementary cues could modulate
aspects of the model, and properties of HVC neurons could also
change. This scenario presents a testable model of how steroids
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Figure 7.  Androgen and estrogen receptors in HVC are necessary for LD photoperiod plus

systemic T-induced changes in song stereotypy. A, Representative examples of stereotyped
white-crowned sparrow song. All three songs were sequentially recorded on the same day. The
average CV (higher CV indicates lower stereotypy; CV = [SD/mean] X 100) of the three songs
is 3.77. B, Representative examples of less stereotyped song. All three songs were sequentially
recorded on the same day, and their average CV is 7.22. ¢, Comparison of mean day 20 (Vs
between AR plus ER antagonist-treated birds and vehicle-treated birds. Each point represents
the mean CV of one of the 16 song characteristics measured across seven birds. The dotted line
is the unity line; all points above the line show less stereotypy in birds treated with antagonists
compared with vehicle. Song was significantly more stereotyped on day 20 in birds exposed to
vehicle compared with birds exposed to AR plus ER antagonists ( p = 0.02). D, Comparison of
mean (Vs between days 13 and 20in both vehicle and AR plus ER antagonist-treated birds. Song
stereotypy significantly increased between days 13 and 20 in birds treated with vehicle ( p <
0.0003), whereas stereotypy between days 13 and 20 in AR plus ER antagonist-treated birds did
notsignificantly differ ( p > 0.05). E, Song stereotypy on day 20 instead analyzed by calculating
amean CV for each bird. The horizontal line indicates the mean. F, Comparison of mean CVs for
each bird between days 13 and 20. Song stereotypy significantly increased between days 13 and
20in birds treated with vehicle ( p << 0.0007); stereotypy in AR plus ER antagonist-treated birds
did not differ ( p > 0.05).

act transsynaptically to modulate electrophysiological properties
and morphology of an adult telencephalic region.

Relationship to vocal behavior

Bilaterally infusing AR and ER antagonists near HVC blocks LD
photoperiod plus systemic T-induced increases in song stereo-
typy but not song rate. This suggests that steroid hormones act on
HVC to organize the song control system to produce more ste-
reotyped song, but that hormone action on HVC does not influ-
ence the motivation to sing. Additional evidence that HVC is not
the site of song motivation comes from Brenowitz and Lent
(2002), who found that unilaterally implanting T next to HVC in
SD photoperiod-exposed white-crowned sparrows did not stim-
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Table 2. Song structure and variability measures
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Vehicle AR and ER antagonists
Day 13 (n = 6) Day 20 (n =7) Day13(n=7) Day 20 (n =7)

Whole song duration (s)

Mean 1.84 +£0.13 1.95 + 0.09 175 £ 0.13 1.83 £ 0.10

w 17.27 = 4.70° 7.95 = 032> 16.79 = 5.17° 20.16 *+ 6.44*2
Whistle duration (s)

Mean 0.43 £ 0.05 0.51 £ 0.05 0.47 £ 0.03 0.49 £ 0.02

] 2453 + 7.81° 15.44 + 4,66 17.98 = 3.57° 16.33 = 7.77*"
Warble duration (s)

Mean 0.33 = 0.06 0.39 + 0.04 0.39 + 0.02 0.39 + 0.03

w 17.78 = 3.27° 10.73 = 2.31°! 9,57 +3.52° 10.00 = 2.74*"
First buzz duration (s)

Mean 0.21 = 0.02 0.22 +0.03 0.26 = 0.02 0.29 = 0.01

w 20.26 * 5.29° 11.20 = 1.39"" 14.84 + 3.46° 10.35 + 2.65%"
Second buzz duration (s)

Mean 0.28 = 0.01 0.32 +0.03 0.36 = 0.05 0.35 + 0.03

w 14.15 = 3.05° 7.53 = 1.09* 8.76 = 0.99° 13.25 = 4.19*"
Third buzz duration (s)

Mean 0.39 £ 0.03 0.37 £0.01 0.37 £0.03 0.39 £ 0.02

w 20.19 + 4.63° 14.22 + 318" 16.62 = 5.19° 15.69 = 1.52*"
Whistle minimum frequency (kHz)

Mean 3.24 +0.18 3.26 = 0.17 3.76 = 0.24 379 +0.24

w 432 £161° 214 + 0.29* 327 = 044 482 +1.93
Whistle maximum frequency (kHz)

Mean 3.75+0.15 373 +0.17 422 +0.24 425 +0.26

w 221 + 0.50° 1.75 + 0.32*" 5.17 + 1.86° 261 = 0.47%
Warble minimum frequency (kHz)

Mean 281 £0.11 284 +0.14 3.08 =0.17 3.12+0.20

w 10.30 = 2.95° 3.27 = 0.84> 490 = 0.69° 5.02 + 1.57%?
Warble maximum frequency (kHz)

Mean 468 +0.25 5.14 +0.29 511£032 5.62 +0.43

w 5.49 + 1.56° 2.25 + 0.59" 409 + 0.84° 435+ 114
First buzz minimum frequency (kHz)

Mean 4.08 +0.12 419 + 0.07 4.08 = 0.03 425 +0.10

w 5.95 + 1.20° 3.98 + 0.80> 6.44 = 0.65° 447 = 079
First buzz maximum frequency (kHz)

Mean 6.10 = 0.17 6.17 = 0.14 597 = 0.1 5.96 + 0.18

w 4.83 +0.85° 245 + 0.28*" 5.02 + 0.63° 5.04 = 1.11*!
Second buzz minimum frequency (kHz)

Mean 391 +0.14 3.83 =027 335+ 036 3.52+036

w 527 = 0.70° 3.98 + 0.80%" 544+ 1.12° 435+ 114
Second buzz maximum frequency (kHz)

Mean 5.20 = 0.09 5.17 = 0.09 545+ 0.23 541 +0.09

] 3.64 = 0.70° 2.39 + 0.46™ 570 =131 7.29 + 3,07
Third buzz minimum frequency (kHz)

Mean 2.00 = 0.12 2.00 = 0.14 237+ 01 2.29 +0.13

w 6.90 * 2.4 407 =073 539 = 2.03° 552 0,98
Third buzz maximum frequency (kHz)

Mean 4.86 = 0.57 522 +0.75 4.87 = 0.55 5.67 = 0.82

w 774 +223° 433 + 0717 6.02 + 0.78 9.80 + 3.61%7

All values are mean == SEM. CV = [SD/mean] X 100. Different superscript letters denote significant differences between days 13 and 20 within a treatment group, whereas different superscript numbers indicate significant differences

between treatment groups at day 20. Mean values did not significantly differ.

ulate song production, although it did induce growth of the ipsi-
lateral HVC, RA, and area X. Given that song production is in-
fluenced by steroid hormones (Harding, 2004), singing could be
activated by hormones acting in other brain areas. Lesions of at
least one nucleus outside the song system, the medial preoptic
nucleus, can decrease song production (Riters and Ball, 1999;
Alger and Riters, 2006).

Infusing AR plus ER antagonists bilaterally near HVC in birds
exposed to LD plus systemic T did not decrease song rate relative
to vehicle controls, although similar infusions decrease RA soma
size and spontaneous activity. This is consistent with a model in
which seasonal growth of the song system is primarily regulated
by hormones acting directly on HVC, rather than indirectly by
stimulating song production (Brenowitz, 2004, 2007) (for an al-

ternate view, see Ball et al., 2004; Sartor and Ball, 2005). The
evidence provided here does not rule out possible species differ-
ences in the relative influence of direct hormone action on HVC
versus indirect effects of increased song production, nor does it
rule out song production playing a modulatory role.

HVC and RA are necessary for song production (Nottebohm
et al., 1976; Simpson and Vicario, 1990) and contain projection
neurons that exhibit activity temporally coordinated with song
production (McCasland, 1987; Yu and Margoliash, 1996; Chiand
Margoliash, 2001; Leonardo and Fee, 2005; Kozhevnikov and
Fee, 2007). Changes in the electrophysiological properties of
HVC and RA neurons could underlie changes in song stereotypy.
In addition to the data presented here, other correlational evi-
dence supports this proposal. In zebra finches, spontaneous fir-
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Estradiol

: *(AHVC®

Aromatase
(and/or DHT)
Testosterone Trophic signal
Figure8. Working model demonstrating that direct and indirect coactivation of ARs and ERs

regulates neuronal activity in RA. Growth in RA requires both androgens and estrogens. Plasma
T concentration and the enzyme aromatase that converts T to its estrogenic metabolite E, are
regulated by photoperiod. Estradiol acts on HVC. T and/or its androgenic metabolite DHT act on
both HVCand RA. Steroid receptor binding in HVCis necessary and sufficient to create a trophic
signal that is transported by HVC afferents to RA. Steroid receptor binding in RA is permissive for
morphological and electrophysiological change to occur in response to the trophic signal re-
leased by HVC.

ing rate (Adret and Margoliash, 2002), soma area (Konishi and
Akutagawa, 1985, 1990; Bottjer et al., 1986; Adret and Margo-
liash, 2002), and song stereotypy (Adret and Margoliash, 2002)
all increase with age. A similar pattern is observed in adult white-
crowned sparrows in breeding condition; increased spontaneous
firing rate coincides with increased song stereotypy and increased
neuronal size (Smith et al., 1995; Tramontin et al., 2000; Park et
al., 2005). Similar changes in RA firing rate, soma size, and song
stereotypy occur naturally in wild seasonally breeding song spar-
rows (Smith et al., 1997a; Tramontin et al., 2001; Meitzen et al.,
2007) and towhees (Smith, 1996; Meitzen et al., 2007). In this
study, we generally observe parallel changes in cell size and firing
rate. Modeling studies predict that changes in cellular morphol-
ogy alone [and in particular dendritic morphology; LD photope-
riod lengthens RA neuron dendritic arbors (Hill and DeVoogd,
1991] directly impact neuronal firing properties (Mainen and
Sejnowski, 1996), but many ionic mechanisms can change neu-
ronal firing patterns.

Spontaneous activity is a useful diagnostic tool for assessing
the excitability of a neuron and has been studied along with other
electrophysiological characteristics of RA interneuron and pro-
jection neurons (Mooney, 1992; Spiro et al., 1999) but not in the
context of seasonality. In other systems, spontaneous firing rate
directly relates to the intrinsic excitability of a neuron (Zakon,
1998; Gittis and du Lac, 2006). One example is vestibular nucleus
neurons, which increase both spontaneous firing rate and the
number of action potentials evoked to injected current pulses
after membrane hyperpolarization (Gittis and du Lac, 2006). An-
other example is GH3 cells, which upregulate a low-voltage acti-
vated calcium channel in response to E,, thus increasing mem-
brane excitability and spontaneous firing rate (Zakon, 1998).
Here, we used spontaneous firing rate as an indication of whether
the intrinsic electrical state of RA neurons was typical of a breed-
ing or nonbreeding state. The use of extracellular recording in an
in vitro preparation has allowed us to study in considerable detail
the mechanisms underlying steroid hormone modulation of the
electrical activity in RA by dramatically increasing the yield of
neuronal recordings in tissue obtained from wild-caught birds.
Nevertheless, spontaneous firing rate is only one of many electro-
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physiological properties of a neuron. It is important to extend
this work to understand the detailed ionic mechanisms underly-
ing the changes we observed, as well as how synaptic inputs are
altered with the onset of breeding condition, resulting in changed
vocal behavior.
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