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Androgens Modulate NMDA Receptor—Mediated EPSCs in the Zgbr
Finch Song System

STEPHANIE A. WHITE, FREDERICK S. LIVINGSTON, AND RICHARD MOONEY
Department of Neurobiology, Duke University Medical Center, Durham, North Carolina 27710

White, Stephanie A., Frederick S. Livingston, and Richard ing, when the previously acoustically variable song becomes
Mooney. Androgens modulate NMDA receptor-mediated EPSCs 'ﬁigmy stereotyped.

the zebra finch song systed. Neurophysiol82: 2221-2234, 1999. A \ve||-defined neural circuit mediates singing (Fig. 1). The
Androgens potently regulate the development of learned vocallzan%/

?cal-motor art of this circuit controls learned song prodyc-
of songbirds. We sought to determine whether one action of andrp- P gp

gens is to functionally modulate the development of synaptic trarié@n @nd includes nucleus HVc (acronym now used as a prdper
mission in two brain nuclei, the lateral part of the magnocelluldt@me, in the convention of Fortune and Margoliash 1992), the

nucleus of the anterior neostriatum (LMAN) and the robust nucleus dbust nucleus of the archistriatum (RA), and brain stem mgtor
the archistriatum (RA), that are critical for song learning and produgreas involved in the control of syringeal and respiratory m{is-
tion. We focused orN-methylp-aspartate—excitatory postsyn_aptl_cdes (Nottebohm et al. 1976; Wild 1993). A second part of the
currents (NMDA-EPSCs), because NMDA receptor activity iyec it known as the anterior forebrain pathway (AFP), indi&

LMAN is crucial to song learning, and because the LMAN synapses .
onto RA neurons are almost entirely mediated by NMDA recepto _ctIy connects HVc to RA via area X, the dorsolateral part é

Whole cell recordings from in vitro brain slice preparations revealdi€ medial thalamus (DLM), and the lateral part of the m
that the time course of NMDA-EPSCs was developmentally regulaté@cellular nucleus of the anterior neostriatum (LMAN) (Bott]
in RA, as had been shown previously for LMAN. Specifically, in botet al. 1989; Nottebohm et al. 1982; Okuhata and Saito 19
nuclei, NMDA-EPSCs become faster over development. We foundyAN is an important locus for exploring the neural mechfs
that this developmental transition can be modulated by androgefgsms that underlie song learning because it is essential to $ang
because testosterone treatment of young animals caused NM velopment, but not to adult song production (Bottjer et 3]
EPSCs in LMAN and RA to become prematurely fast. These andrric?szl; Scharf% and Nottebohm 1991). LMAN terminals inndrs

gen-induced effects were limited to fledgling and juvenile periods a te th | ¢ in RA that .
were spatially restricted, in that androgens did not accelerate dev L€ the same vocal premotor neurons In al receive \@

opmental changes in NMDA-EPSCs recorded in a nonsong area, #BUt, thus providing a site for the AFP to influence t
Wulst. To determine whether androgens had additional effects ¥acal-motor pathway during song learning (Canady et al. 19
LMAN or RA neurons, we examined several other physiological ari§ubota and Saito 1991; Mooney and Konishi 1991).
morphological parameters. In LMAN, testosterone affeeteamino- N-methylp-aspartate (NMDA) receptors, which depend
3-hydroxy-5-methyl-4-isoxazoleproprianate—-EPSC (AMPA-EPSC) loeth glutamate binding and depolarization to gate calcium f
cay times and the ratio of peak synaptic glutamate to AMPA curren{fito neurons, are crucial to several forms of synaptic plastig
as well as dendritic length and spine density but did not alter soMBear 1996). NMDA receptors mediate synaptic transmiss|
size or dendritic complexity. In contrast, testosterone did not affe&f several sites within the song system, including the DL
any of these parameters in RA, which demonstrates that eX0geNPWBAN and LMAN-RA synapses. In LMAN blockade of
androgens can have selective actions on different song system P . L '

%@%DA receptors during tutoring decreases the number|o

fé

rons. These data are the first evidence for any effect of sex steroid )
synaptic transmission within the song system. Our results support teg/ned notes (Basham et al. 1996b), which suggests that

idea that endogenous androgens limit sensitive periods for song le&tgvelopmental changes in NMDA receptors in LMAN could
ing by functionally altering synaptic transmission in song nuclei. influence song learning. Indeed, NMDA receptor density [in
LMAN declines over song development, as indicated by an-
tagonist binding, immunolabeling, and mMRNA expression Igv-

INTRODUCTION els (Aamodt et al. 1992; Basham et al. 1996a; Carrillo gnd
upe 1995). Changes in synaptic transmission also occur in
AN, where NMDA receptor-mediated excitatory postsyn-
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The learned vocalizations of zebra finches develop throu

the integration of auditory and vocal-motor experience during_,. )
a sensitive period restricted to the first three months of li tic currents (NMDA-EPSCs) become faster over the sgme

(Immelmann 1969). This sensitive period comprises senscgrermd of development (Livingston and Mooney 1997). In

acquisition Eosthatch ]9 a)(PI-éD% 20765’ when ):joung birds éIbngsS yr?;(\elgst,)ezlrrwn Iilr?\r/ogg\éeltgprenx%r?;?rll ggigﬁﬁz Iger'i\g)l\élsD ?(;r
memorize the song of an adult male tutor, and sensorimot@r . =~ T . S )
learning PHD 35—9%,whenjuvenile birds match their song toéynaptlc reorganization (Carmignoto and Vicini 1992); the

. d : ster NMDA-EPSCs that emerge during development redlice
the memorized tutor song via auditory feedback. Song cryst 1stsynaptic calcium entry and could thereby diminish certpin

lization (~PHD 90 marks the closure of sensorimotor Ieamforms of calcium-dependent synaptic remodeling (Bear 1996).

The costs of publication of this article were defrayed in part by the payme tAS a first step In |dent|fy|ng cellular mechanisms that up-

of page charges. The article must therefore be hereby maskaeftisement  derlie song learning, we tested whether factors that disru_pt
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ song learning also alter the development of NMDA-EPSCY in

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 2221
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A B song system and suggest a potential mechanism for limifing

HvVc sensitive periods for song learning.

lRA ‘ METHODS
LMAN

axons Subjects

C zebra finches, in accordance with a protocol approved by the D
N University Institutional Animal Care and Use Committee. Finch
N}

14-h day:10-h night light cycle. We defined three age groups for th
syrinx |_R studies in LMAN and RA: fledglingsRHD 21-33, juveniles PHD
38—-49, and adults #PHD 90). Briefly, these ages were chose

D because~PHD 20 constitutes the onset of sensory acquisition
|_ zebra finches, and birds betweleHD 38and49in our colony are in
L the early stages of sensorimotor learning (see Livingston and Mog

Fic. 1. Schematic of the song system and the brain slice preparations u3&97 for further details). By 90 days, male zebra finches have ste

larynx and expiratory neurons

to record N-methylp-aspartate—excitatory postsynaptic currents (NMDAtyped songs. For developmental studies in the Waulst, data fijom

EPSCs) in lateral part of the magnocellular nucleus of the anterior neostriatjiiyenile and adult time points were combined (age rarfgeD

(LMAN), robust nucleus of the archistriatum (RA), and the Wulst (W).  40-117;meanPHD 73) and were referred to as being from juvenile
sagittal view of the zebra finch brain; the vocal motor pathway for learned song

production (black) includes HVc, RA, the hypoglossal motoneurons (nXIIts), . .

and respiratory areas [n. ambiguus and retroambigualis (nAm and nRArr?-)jormonal manipulations
The anterior forebrain pathway (white) is implicated in song learning and . . . .
includes area X, the thalamic nucleus dorsolateral part of the medial thalamud © increase androgen levels, birds were implanted with 2-1]
(DLM) and LMAN. NMDA-EPSCs were elicited in LMAN by electrically pellets made of RTV sealant (Dow Corning, Midland, MI) containir
stimulating afferents from DLM at the site marked by the lightning ®knd ~50 ug of either testosterone (Steraloids, Wilton, NH) ar-&ihy-
C: coronal slices were made at the planes of section showh tim record  drotestosterone (DHT; Steraloids); control pellets contained R

NMDA-EPSCs either from RA or from the Wulst; stimulation sites are ShOWgea|ant alone. The pe”ets were p|aced subcutaneous|y over the
by the lightning bolt. D, dorsal; R, rostral; L, lateral.

) Products, Columbus, OH) and dressed with antibiotic ointment (N
the song system. Testosterone is one factor that affects s@pgrin, warner-Lambert, Morris Plains, NJ).
learning, because young zebra finches treated with testosteror® reduce steroid levels, young zebra finchesilD 12—17 were
during early song learning have shorter songs and a reducestrated and chronically treated with 5@ flutamide (Sigma, St.
number of song syllables in adulthood (Korsia and Bottjéouis, MO), an androgen receptor antagonist, delivered through R
1991). Further, endogenous androgen levels fluctuate durggets prepared as described for the steroid treatments. For the

ectomy, birds were anesthetized via intramuscular injection
song development (Prove 1983), and LMAN and RA neuro wul of Equithesin [3—5ul/g body mass; 1.05% pentobarbitol sodiu

contain androgen receptors, which provide a means for and;ﬂbbott Laboratories, Chicago, IL), 4.25% chloral hydrate (Sigm
gens to directly alter these neurons (Balthazart et al. 1992 EtOH (AAPER, Shelbyville, KY), 36% propylene glycol (Sigma,
Given that exogenous androgens disrupt early song learniag.% MgSQ (Mallinkrodt, Mundelein, IL)]. A small incision was

and that NMDA-EPSCs in LMAN are crucial for sensorynade on the lateral wall of the body cavity, between the ribs t
acqu|S|t|on (Basham et al 1996b) and become faster du“ﬁ@r“e the gonadS. Testes were aspirated with a custom-fabric
development (Livingston and Mooney 1997), we investigat > P , .

! . e incision was closed with cyanoacrylate and dressed with an
whether NMDA'EPSCS are androgen sensitive. In add!tlon e ointment. Additionally, tetracycline (1 mg/ml) was supplied in th
LMAN, we examined NMDA-EPSCs in RA; because it is thyinking water for 48 h postsurgery. Birds were reimplanted w
site of integration of activity from HVc and LMAN (Mooney flutamide pellets at 10-day intervals, following castration. Absence
and Konishi 1991; Nottebohm et al. 1982), it receives inpug®nadal tissue was visually confirmed on sacrifice with the aid g
from LMAN that are primarily mediated by NMDA receptorsdissecting scope, but was not histologically confirmed.
(Kubota and Saito 1991; Mooney and Konishi 1991; Stark and
Perkel 1999), and its neurons contain androgen receptors (Ba#stosterone radioimmunoassay

thazart .Gt a.l' 1.992.)' Blood was collected following decapitation between 10:00 a

A major finding is that exogenous androgens cause NMDA1.q0 a.m. Samples were briefly stored on ice, and then centrifuge
EPSCs to become faster in LMAN and RA, but only during golate plasma. Testosterone was measured directly by radioimm
developmental period that correlates with sensitive periods fagsay using HPLC-purifiedH-Testosterone (Dupont-New Englan
song learning. These results extend previous work in the soWgclear, Wilmington, DE), as well as antiserum and HPLC-purifi
system on sex steroid modulation of song behavior and né{@ndards (ICN Biomedicals, Costa Mesa, CA). To facilitate {
onal morphology, by Showing that ancrogens. odulafSE€1o, f o pasma evls o tetostorone, i samples 0
NMDA rece_ptor—medlated synaptlc_ transr_nlssmn In song n lidrange of the standard curve. Standards’and samples were extr
clei. In addition, androgens have differential effects on glut

. e fith ethyl acetate (Mallinkrodt), reconstituted in buffer (phospha
matergic synapses within the song system because they red saline, 1g/l gelatin; Sigma), and incubated with antibd

altered AMPA-EPSCs, total dendritic length, and spine density:56,000) and trace (10,000 cpm/test tube)¥dh at 4°C fordeter-
in LMAN, but not in RA. These data provide the first evidencenination of free testosterone. Bound and free hormone was sepal

for an effect of sex steroids on synaptic transmission within thg the dextran-coated charcoal technique (see Nieschlag and W

Experiments were performed using brain slices made from nfale

N were obtained from our breeding colony where they were raised ¢n a

toral muscle, and the incision was closed with cyanoacrylate (Elmg

5

ss pipette and the aid of a dissecting microscope (Zeiss, Germqrﬁﬂé)
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ings 1978). Samples were counted by liquid scintillation spectrometfpr LMAN, stimulating electrodes were placed in the thalamic fib
using scintillation fluid containing toluene (Mallinkrodt) and PPOtract, which contains DLM axons that innervate LMAN (Livingsto
POPOP (Research Products International, Mount Prospect, IL). Re&d Mooney 1997). For RA, which receives afferent input from bdg
ported values are the measured values minus the 100 pg spike. RiAN and HVc, we specifically activated LMAN-RA synapses b|

studies revealed that the testosterone implants augmented plapiaaing stimulating electrodes dorsolateral of RA in the LMAN fibg

testosterone levels over a 7- to 10-day period (data not shown). tract (see Mooney 1992). Synaptic responses were elicited at 0.1
Hz by applying a brief (10Qus) electrical stimulus (5—75@A) to the
thalamic axons that innervate LMAN or the LMAN axons that inne
vate RA (Mooney 1992). Stimulus intensity was adjusted to gene
The brain slice preparation procedure has been described prewi-evoked EPSC with consistent amplitude that was monosyna
ously in detail (Livingston and Mooney 1997; Mooney and Konishie., the interval between the stimulus artifact and the onset of
1991). Briefly, slices (40Qum) were cut from the same brain, in thesynaptic current was:5 ms, and the rising and falling phases of t
sagittal orientation for LMAN and the coronal orientation for RA, angynaptic current appeared smooth and monotonic. In LMAN, t
maintained on an interface-type holding chamber at room tempeapproach resulted in EPSC peak amplitudes that did not vary ad
ture. After ~2 h, slices were transferred to a superfusion chambage or treatment. In RA, EPSC amplitudes were lower in slices fr
(24°C) for whole cell recordings. LMAN and RA were readily visu-younger animals because lower stimulus intensities were require
alized under transillumination. avoid recruiting polysynaptic responses. We did not test for statist
significance of any differences in the peak amplitudes of evol
EPSCs because they varied depending on the slice preparation
stimulating electrodes, and the stimulus intensity.
Whole cell recordings were obtained in brain slices made from
male zebra finches at fledgling, juvenile, and adult stages. Recordjygtg acquisition and analysis
electrodes were positioned in either LMAN or RA with the aid of a

Brain slices

Electrophysiological recordings

dissecting scope X40). Recording electrodes were made from Data acquisition and analysis for intracellular recordings wegre

1.5-mm diameter borosilicate glass (VWR, West Chester, PA), pullperformed with a National Instruments (Austin, TX) data acquisiti

ate
htic,
the
e
his
0s9
bm
d to
cal
ed

, the

D

on a horizontal electrode puller (P-97, Sutter Instrument, Novato, CApard (AT-MIO-16E2), controlled by custom Labview software wri

and filled with an internal solution consisting of (in mM) 3.19%en by F. Livingston and R. Neummann. Five to 10 individual event§
(vol/vol) 50% p-gluconic acid (Sigma), 10 EGTA (Sigma), 5 MgCl were collected from a single neuron and digitally filtered (low-pas ,%

(Sigma), 40 HEPES (Fluka, Ronkonkoma, NY), 2'NATP (Sigma), kHz) with an 8-pole Bessel filter and then averaged to obtai

0.3 Na"-GTP (Boehringer-Mannheim, Indianapolis, IN), and 1 QXrepresentative cellular EPSC. The EPSCs shown in the figures ar¢ Fiq
314 (RBI/Sigma, Natick, MA), and the pH was adjusted to 7.25 witaverages of these cellular EPSCs for all the cells in each treatméht
CsOH (50% g/ml HO; Aldrich Chemical Company, Milwaukee, WI). group. The peak amplitude of the currents, the 10-90% rise timg¢ of
The final electrode impedances ranged from 2 to @.MVhole cell the currents from baseline to peak amplitude, the time from the pg&k

currents were recorded with an Axopatch 1D (for LMAN) or aramplitude to 1¢ of the amplitude, and the relative charge (measu
Axoclamp 2B (for RA) intracellular amplifier (Axon Instruments,by integrating currents with normalized peak amplitudes) were g
Foster City, CA), and current traces were digitized at 10 kHz afteulated using automated Labview software written by F. Livingst]
low-pass filtering at 1-5 kHz. Glutamate EPSCs were recorded in 80d S. White. Statistical analyses were conducted using JMP|
uM picrotoxin (Sigma); NMDA-EPSCs or AMPA-EPSCs were isosoftware (SAS Institute, Cary, NC). Nonparametric statistical te
lated with the addition of uM 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo- were used because the data were not assumed to be normally di
benzo[flquinoxaline-7-sulfonamide disodium (NBQX, RBI/Sigma)uted. Mann WhitneyU tests were used to assess the significar
or 100 uM b,L-2-amino-5-phosphonovaleric acio,(-APV, RBI/ between experimental and age-matched controls, as well as bety
Sigma), respectively, accomplished by bath perfusion of the drug.two different developmental stages. In all cases, the minimum sig
NMDA-EPSCs were electrically evoked while holding the memicance level was set & < 0.05 using two-tailed comparisons. Onl
brane potential 20 mV more positive than the empirically determineignificant differences are reported in the text, unless otherwise nd
EPSC reversal potential to remove the voltage-dependent blockadéweérages are reported as meansSE.
the NMDA receptor by extracellular magnesium (Mayer et al. 1984,
Nowak et al. 1984). AMPA-EPSCs from LMAN were recorded at thSong analysis
same membrane potential, but in RA, cells were held 80 mV negative
of the reversal potential to increase the driving force, which was Song was analyzed by placing an individual male zebra finch i
necessary to produce synaptic currents large enough for accusaignd-proof recording chamber (Industrial Acoustics Corporati
quantification. Series resistanceZ0 MQ) for LMAN, <30 MQ for Bronx, NY) with a female finch. Digital audio recordings were cQ
RA) was monitored throughout the recording by measuring the cdected using a National Instruments data acquisition board (AT-M
rent transients resulting from small (2 mV) hyperpolarizing voltagé6E2) and Labview software written by R. Balu and F. Livingsto
pulses. For experiments that measured the ratio of the peak glutamatiéer 24 h, recordings were visually scanned for the presence of s
to peak AMPA-EPSCs, only cells where the series resistance changfatb song was detected, then the animal remained in the chambe
<20% during the course of drug application were used. Input res@iother 24 h until a minimum of 30 bouts of song were collected.
tance measurements were calculated by measuring the steady-stage case, no song was detected until after the female finch
current resulting from the application of a small (2 mV) hyperpolaremoved on the fourth day. Thirty examples of song were selected
izing voltage pulse. Holding potentials were not corrected for theported into Avisoft Software (SASLab Pro 3.4, Raimond Spec|
liquid junction potential. Electrode solutions used in recordings fromerlin) for further analysis and generation of sonograms (freque
a majority of animals contained neurobiotin (0.5%; Vector Laboratinatensity vs. time). From these 30 renditions, one of us selected
ries, Burlingame, CA) in the internal solution to ensure that recordeepresentative 7-s sweeps for presentation to each of six observ
cells were located within the appropriate nucleus (see below forObservers, blind to the experimental condition of the animal, w
histological methods). instructed to assign a song score ranging from 1 (very abnormal)
Bipolar stimulating electrodes were either made from individughormal, adultlike) by listening to audio playback of the song and
tungsten microelectrodes (Micro Probe, Clarksburg, MD), or wesésually inspecting the oscillograms (voltage vs. time) and sonogra
prefabricated concentric bipolar electrodes (FHC, Brunswick, MERbservers were instructed to base their song quality judgments o
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stereotypy of syllables and motifs. A song syllable was defined aseacted each of these circles was plotted as a function of radius f
continuous marking on the song spectrogram. Mature zebra finch sthg cell body. For areal measurements of individual RA or LMA

is composed of one or more motifs that each contain the sawmell bodies, drawings were scanned into a computer, and
stereotyped sequence of song syllables. One bout of song is typicaltyrders of the soma were traced using Scion Image software (S
composed of several introductory notes, followed by one or mo@orporation, Frederick, MD) to convert pixel values inta®. No
motifs. Observers ranked the song quality of one juvenile ni## corrections were made for tissue shrinkage. Mann-Whitdegsts
57) in addition to the four castrates-PHD 200 as well as one intact were used to compare the anatomic data from control and T-tre
adult that had been housed in the same cage with the castrated aniffiedigylings. For the Sholl analysis, two-way ANOVAs were used
from when they werdHD 35. test for any effects of radius or experimental group on the num
of intersections.

Morphology

To obtain filled neurons that were of sufficient quality for morphoB ESULTS

logical analysis, sharp microelectrode intracellular recordings wekMDA-EPSCS in LMAN and RA change during developm
made in LMAN and RA from brain slices (prepared as described ]

above) that were held in an interface-type chamber (30°C, Medical To track developmental changes in NMDA receptors,
Systems, Greenvale, NY). Electrodes were made from borosilicasmlated NMDA-EPSCs at DLM-LMAN and LMAN-RA

glass pulled to a final resistance of 100-150Mhen filled with 3 synapses in male zebra finches by applying NBQX (to blg

M K-acetate (Mallinkrodt) and 4—8% neurobiotin. After establishing\MPA-EPSCs) and by holding the membrane potential
1 s in duration at 2-s intervals) were applied for 20—40 min. The S”%f'ependent magnesium blockade). Whole cell recordings

was fixed in 4% paraformaldehyde in 25 mM sodium phosph ) :
buffer for at least 24 h at 4°C, resectioned on a freezing microtoml:\ﬁ?aled that NMDA-EPSC decay times became marke

embedded in a gelatin-albumin mixture and cut on a vibratome at \%ster n LMA.N and_ RA between fledgling, juvenile, an
um, and visualized with avidin-HRP (diluted 1:100; Vector Labora@dult time points (Fig. 2). These faster currents were
tories, Burlingame, CA) and'3'-diaminobenzidine tetrahydrochlo- flected by a decrease in the time it took the current to de
ride (Sigma); the reaction was intensified with 1% Co@ligma) and to 1/e of the peak amplitudeetfold decay time), as well as

o
1% NiSQ,(NH,),SO; (Sigma). Camera lucida drawings were madéy a decrease in the relative charge that was transferred &y

with the aid of a drawing tube attached to a Zeiss Axioskop, usingthe current (Fig. 2), which was measured as the arg
X 63 oil-immersion objective (nA 1.3). _underneath the normalized current trace (8eeiops). Be-

Total dendritic length was measured from the camera luci¢ggse these measurements generally covaried, onle-th
drawings of filled cells using a PlanWheel (Scalex, Carlsbad, CAg,|q decay times are reported here (but one exceptior]

To determine the spine frequency, the total number of dendri L . .
spines was counted for each individual neuron and then divided Coted). The intrinsic and synaptic properties for LMAN a

the total dendritic length. To measure the extent of an individu A neuro.ns.t.thQhOUt development are S.hown in Table
cell's processes, a Sholl-like analysis (Sholl 1956) was perform&g!OW, significance values are reported in the text of
from the drawings. Briefly, a series of evenly spaced concenti¢hen they do not appear in the figure legends.
circles (20pum increments) was placed over the cell drawing, Within LMAN, the e-fold decay times of NMDA-EPSCsg
centered around the soma, and the number of dendrites that intecreased by-50% over development, (94 7 vs. 48+ 4 ms,

B
LMAN RA LMAN RA
8-
361 M
FIL E4 7 |
FI #21 lllllllll '
_Aing J Ad 0
— g7 Y A
100 ms J § &1
| 100, 1 s : Ez:
@ *% X * %
£ 757 P I o
> ] 100 x x| g v
8 501 X x (o) 8-
o ] 50 2 8 6
3 25- v
S 25] 5 AdE 2]
o o 0 o0 0 * 2
o Fl. J Ad Fl J Ad 04 —— ——

e-fold decay (ms)

FIG. 2. NMDA-EPSCs in LMAN and RA become faster over the course of song developAeop: average NMDA-EPSCs
recorded in LMAN and RA at fledgling (Fl), juvenile (J), and adult (Ad) time poiBtsttom bar graphs show thefold decay
times @, left ordinate) and relative charge transfer (ight ordinate) for the currents (mean SE) at these 3 times; the number
of cells recorded in each case is shown in parentheses. * Significantly different from fled§lirgs0001 (LMAN and RA).
** Significantly different from juvenilesP < 0.03 (LMAN), P < .0001 (RA).B: histograms show the distribution of NMDA-EPSC
efold decay times at LMAN and RA synapses over development. Arrowheads mark the mean values.

om
N

the
Cion

hted
to
ber

600 't 11dy uo Bio"AB&jars Az oy Po



http://jn.physiology.org

ANDROGENIC MODULATION OF NMDA-EPSG 2225

TABLE 1. Intrinsic properties of LMAN and RA neurons: NMDA-EPSC experiments

Fledgling Fledgling
Group Fledgling Juvenile Adult Control Implant Testosterone  Fledgling DHT Juvenile DHT  Adult DHT
LMAN
Age (PHD) 25.7 (21-32) 45.3 (41-49) 128.3 (107-166) 24.2 (22-26)  25.4 (20-29)  25.1(23-28)  44.9 (44-46) 115 (10§-13
n: cells, animals 18,8 20,10 23,11 29,12 25,10 18,8 19,4 15,6
Peak amplitude*, pA 106 15 124+ 20 121+ 20 83+ 10 106+ 11 110 17 114+ 14 129+ 22
10-90% rise time, ms 6.5 0.5 5.6* 0.4 3.9+ 0.21 (J) 6.9+ 0.5 6.2+ 0.4 5.3* 0.2F (Ctr) 4.6+ 0.28 (J) 4.9+ 0.2
Input resistance, 1 104= 10 114+ 10 100+ 11 112+ 11 86+ 148 (Ctr) 114+ 12 92+ 15 82+ 9
e-fold decay, ms 94- 7 56+ 31 (FI) 48+ 48 (J) 104+ 8 68+ 41 (Ctr)  60= 31 (Ctr) 48+ 28 (J) 44+ 4
RA
Age (PHD) 24.8 (21-30) 43.0(38-49) 135.0(90-387) 24.8(21-28) 24.8 (22-28) 24.1 (22-29)  45.0 (44-46) 117.5(1(8-1
n: cells, animals 23,11 26, 10 20,11 31,7 24,11 23,9 17,4 15,6
Peak amplitude*, pA 4%+ 5 93+ 13 100=+ 12 53+ 3 54+ 8 52+5 72+ 9 65+ 6
10-90% rise time, ms 95 0.5 7.0x= 0.4f (Fl) 5.8+=0.48(J) 10.6= 0.8 9.2+ 0.7 9.4+ 1.18 (Ctr) 6.8=0.5 6.9+ 0.6
Input resistance, @ 238+ 18 150+ 111 (FI) 138+ 18 264+ 20 219+ 13 261+ 28 221+ 161 (J) 133+ 9
e-fold decay, ms 15% 10 91 7t (Fl) 58+ 3t (J) 159+ 10 117+ 7% (Ctr) 124+ 9§(Ctr) 70+ 6§ (J) 64+ 4
Values are means SE. Numbers in parentheses are ranges. LMAN, lateral part of the magnocellular nucleus of the archistriatum; RA, robust nuclejus o
archistriatum; NMDA N-methylp-aspartate; EPSC, excitatory postsynaptic current; DHAdiBydrotestosterone; PHD, posthatch day; J, juvenile; Ctr, contjol;
Fl, fledgling. * SeeveTHoDs for statistics. 1P < 0.0005. P < 0.005. 8P < 0.05. Letters in parentheses indicate comparison group.
v
mean= SE; Fig. 2.) Almost all -90%) of this shift took place Androgens hasten NMDA-EPSC maturation in fledglings ana
! . Lo . . S
between fledgling and juvenile life. However, a small decreapeveniles 5
in e-fold decay time was revealed between juveniles and adultﬁn many types of songhirds, exogenous steroids prod %e
56 = 3 vs. 48+ 4 ms). This small change in NMDA-EPSCs . ' ;
\(Nas not apparent in tr)1e relative char egtransfer (FAY, Bor dramatic effects on both song behavior and the morphology &f
o in Ep ier studv that d dg ble expon n’ti | fit song control nuclei (for review see Bottjer and Johnson 1993.
zee ib ah egpgcs uL.y. at use d I?/Iu ee f;;g?e S. .‘;IFPzebra finches, androgen treatment of juvenile males at epdy|
escribe the s (Livingston and Mooney )- Distribfjme points €PHD 40) perturbs song development (Korsige.

tions of e-fold decay times demonstrated that the range gfq Bottjer 1991). One hypothesis is that androgens affégt

values narrowed over development (Fi)2The decrease in gynaptic transmission in LMAN and RA, making NMDA
NMDA-EPSCe-fold decay times that occurred between fledgspsCs faster, which would be reflected by decreases in
ling and juvenile ages was not accompanied by changeselffold decay times. If such effects play a role in song learnif
EPSC rise times or in the input resistances of LMAN neurofigen they should occur during the same developmental per
(Table 1). These data indicate that the changesfold decay when androgens affect song behavior. As a first test of th
times are not part of a more general alteration of neurorideas, we implanted young birds-PHD 15 with either tes-
electrotonic properties (semiscussioN. In summary, these tosterone-containing or blank pellets and examined NMD
results show that developmental changes in NMDA-EPSE®SCs in LMAN and RA neurons 10 days laterRHD 25).

within LMAN occur predominantly during early posthatch This chronic testosterone (T)-treatment induced prema

development (Livingston and Mooney 1997), before sensofihanges in NMDA-EPSCs within both LMAN and RA (Fig.

motor learning is complete. 3). In LMAN, T-treated fledgling birds had NMDA-EPSCs tha

In RA, NMDA-EPSCs also became faster over developvere faster than those of age-matched control-implanted bi
ment, as the meae-fold decay times declined by almostaS reflected by a 35% decrease in the meéold decay time
two-thirds between fledgling and adult life (13910 vs. 58+ (68 * 4 vs. 104= 8 ms; Fig. 3. The NMDA-EPSC decay
3 ms; Fig. 2). These developmental changes were not ofifpes in T-.treated fledglings were equivalent to those in norr
greater in magnitude than those seen in LMAN, but were alkfyénile birds (68= 4 vs. 56+ 3 ms, P = 0.09). In RA,
more protracted: in RA, close to one-third of the total chan DA-EPSCs from T-treated fledglings were also faster th

in e-fold decay times occurred between juvenile and adult li ]%SIS g;ggynt{i%'gyzllaf;f dlge\?gll?gs;wét%i_zgg) %s)crssts ]
(e, 916 vs. 58 3 ms). Similar to t.he re;ults obtained "Nvere not as fast as those of juvenile birds. In both LMAN a
LMAN, the distribution ofe-fold decay times in RA narrowed RA, T-treatment narrowed the distribution effold decay
markedly over development (FigB In contrast to observa- imes similar to the tightened distribution that emerges dur
tions made in LMAN, the rise times of NMDA-EPSCSs depormal maturation (Fig.B). In LMAN, T-treatment produced
creased at each developmental time point, and RA neurogadjight decrease in neuronal input resistance relative to g
input resistance decreased between fledgling and juvenile lifgl-implanted fledglings, but this decrease was not obser
(Table 1). In summary, NMDA-EPSCs become faster in botith DHT treatment (Table 1, see below regarding DHT tre
RA and LMAN between fledgling and adult life, but thement). In RA, T-treatment made NMDA-EPSCs faster relati
magnitude and timing of these changes differs between the twccontrol fledglings, without the concomitant decrease in in
nuclei. Additionally, other cellular changes occur within RAesistance observed between fledglings and juveniles. It sh
over development. be noted that in subsequent experiments, age-matched cor
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FIG. 3. Testosterone accelerates the maturation of NMDA-EPSCs in the song nuclei LMAN and RA, but not in the Wulst (a
brain area not involved in singing), during the 1st month of posthatchAjftap: average NMDA-EPSCs recorded in LMAN, RA,
and the Wulst from fledglings [FI; approximatgdpsthatch day 2%~PHD 25)], testosterone-treated fledglings (FIFFPHD 25),
and juveniles (J~PHD 45). For the FL and FL/T groups, pellets were implanted in young bireBHD 15), and recordings were
made 10 days later. Control birds used for LMAN and RA recordings contained blank pellets, but those used for the Wulst did not.
EPSCs from testosterone-treated groups are depicted with open circles for Blatiom histograms show thefold decay times
(meant SE) for these currents; * significantly faster than fledgling controls [FI/T vsPK: 0.0001 (LMAN); P < 0.002 (RA).
Jvs. Fl:P < 0.0001 (LMAN and RA);P < 0.0002 (Wulst)]; the number of cells recorded in each group is shown in parentheses.
B: distributions ofe-fold decay times measured at LMAN, RA, and Wulst synapses in testosterone-treated and control birds. Means
are marked by arrowheadg, left: plasma testosterone levels RHD 25 male zebra finches determined by radioimmunoassay
0.5-15 days following pellet implantation. * Significantly higher T levels relative to control-implanted fledglings Rt
plasma testosterone levels in normal fledgling, juvenile, and adult male zebra finches and in juvenile castrates (J/Ca). * Significantly
higher T levels relative to fledglings

were not implanted with blank pellets, because there was momany types of telencephalic neurons, even those lacK
observed difference in any of our measures between contrahdrogen receptors, via an indirect mechanism gge®ssioN

implanted and unimplanted fledglings in LMAN and RA (Taand Fig. 7). To test whether these androgen effects could o
ble 1). in neurons devoid of androgen receptors, we recorded NML

Androgen receptors within LMAN and RA neurons provideePSCs in the Wulst, an avian telencephalic visual area {hat

a direct mechanism to mediate the effects seen here. HoweVlatks androgen receptors and is not implicated in song de
it is possible that androgens affect NMDA-EPSC developmeopment (Balthazart et al. 1992). As in LMAN and RA
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NMDA-EPSCs within the Wulst became faster between fledg- LMAN
ling and juvenile time points (312 19 ms,n = 23 vs. 185+ .
27 ms,n = 15; Fig. 3,A andB). In contrast to LMAN and RA,
however, in the Wulst, T-treatment of young birds (implanted
~PHD 15,recorded 10 days later;PHD 25 did not modulate
NMDA-EPSCs (meare-fold decay time in T-treated fledg-
lings: 306+ 27 ms;n = 34 cells,P = 0.90 relative to control).
Thus although NMDA-EPSCs become faster in both song and
nonsong areas over development, androgens do not globally
influence this transition throughout the avian telencephalon.
Steroid hormones can exert short-term effects on neuronal 120
excitability via nongenomic pathways, as well as long-term
effects that require changes in gene expression. Although we
implanted testosterone-PHD 15 and then recorded NMDA-
EPSCs 10 days later, it is possible that androgens exerted their

[=23
(=]
Il

L

80

e-fold decay (ms)
-y
o

actions within a much shorter time frame. Therefore we im- 20 1 40 1

planted fledgling birds{PHD 24.5 with testosterone 12 h T

(rather than 10 days) before recording, and then compared the 0 9 e 5) O —wn @
EPSCefold decay times to those of untreated age-matched J Ad J Ad

controls. Unlike the effects of longer androgen exposure, the Egﬂ?m'

12-h treatment did not alter EPS£fold decay times in either .
LMAN or RA (LMAN: 12h =99+ 12 ms,n = 10, control= Fic. 4. NMDA-EPSCs are modulated by androgen treatment in juveniles

. : but not in adults. &-Dihydrotestosterone (DHT) pellets were implanted
104= 8 ms,n = 29,P = 0.58; RA: 12 h= 157+ 15ms,n =  gays before recordings made-aPHD 45for DHT-treated juveniles (J/DHT)
14, control= 159 = 10,n = 31, P = 0.94), even though a and>PHD 100for DHT-treated adultsTop average traces from LMANft)

radioimmunoassay confirmed that the implants significanNE)y RA (right) of NMDA-EPSCs from juvenile (J), and adults (Ad); J/DHT
elevated serum androgen levels before recording (m_ 3 PSCs are shown with open circléBottom histograms show the averagg

B d | efold decay times (meart SE) for each condition shown above, plus adul
ecause endogenous neuronal aromatases can Converttrt&?éd with DHT; the number of cells in each case is shown in parenthg

tosterone to 1p-estradiol (Schlinger 1997), we used the norsolid bars represent animals treated with DHT; * significantly faster th
aromatizable androgen DHT to confirm that the effects @fvenile controls P < 0.05). Androgen treatment did not alter decay times
testosterone were androgen-specific. As with T-treatme@gults ((MAN, P = 0.82; RA,P = 0.15).

young birds were implanted with DHT~PHD 15), and re- ] . : . .
corded from 10 days laterPHD 25. Indeed, this chronic Values (48+ 4 ms;P = 0.22 relative to juvenile-DHT birds).
DHT-treatment produced faster EPSCs in both LMAN and R RA, DHT-treated juveniles had NMDA-EPSCs that we
as reflected in a 42 and 22% decline, respectively, iretfid 250 faster than those of normal juveniles (® vs. 91 6
decay times from control values to those of DHT-treated fled§1S; Fig: 4) and equivalent to those of adults 64 ms,P =
lings (LMAN: 104 = 8 vs. 60+ 3 ms, RA: 159+ 10 vs. | .10; Fig. 4); this treatment additionally resulted in_high
124+ 9 ms: Table 1). In LMAN, the EPS&fold decay times input resistances of RA neurons relative to controls (Table
in DHT-treated fledglings were indistinguishable from normal! sSummary, NMDA-EPSCs in both LMAN and RA are se:r-z-
juveniles (60+ 3 vs. 56+ 3 ms,P = 0.26) but in RA, EPSC sitive to androgen treatment during the developmental pefidd

i
e-fold decay times from DHT-implanted fledglings were stillVhen these currents normally become faster, when endoge 1@

slower than those of juveniles (124 9 vs. 91+ 6 ms,P < androgen levels fluctuate (Prove 1983), and when exogerjaas
0.005). In both LMAN and RA, DHT-treatment produced &ndrogen disrupts song learning (Korsia and Bottjer 1991)
slight decrease in EPSC rise times, an effect not seen wjtfEndogenous androgens could provide an intrinsic sighal
T-treatment (Table 1). In LMAN, DHT did not alter the input'€9ulating the maturation of NMDA-EPSCs in LMAN and RA,
resistance, although testosterone did (Table 1). Except for thB§§aUse testosterone levels increase over the course of song
small differences, DHT caused similar effects to those GEVelopmentin male zebra finches (Adkins-Regan et al. 1990;
testosterone, which suggests that androgens, rather than etfgve 1983). To confirm these hormonal changes, we mea;
gens, are responsible for the faster NMDA-EPSCs seen he yred plasma testosterone '?Ve's from a subset of the aninals
Song development is disrupted by exogenous testoster which electrophysiological recordings were made (Fg.
administered as late &HD 40 (Korsia and Bottjer 1991). To S©)- Adult testosterone levels (3:2 0.4 ng/ml) were higher
test whether changes in NMDA-EPSCs within LMAN and RANan those of juveniles (1.4 0.3 ng/ml). Although mean
are also sensitive to such later treatment, recordings were m¥gi/es for fledglings (0.6 0.3 ng/ml) were half of the juvenile
from juvenile male finches<{PHD 45) that had received DHT Measure, these two groups were not significantly differgnt
implants 10 days earlierPHD 35. DHT was chosen to (P = 0.95).
ensure that any observed effects were androgenic and not due
to estrogens. In parallel with the effects seen at earlier agggjult NMDA-EPSCs are not altered by androgens
this later treatment yielded NMDA-EPSCs that decayed more
quickly than those of age-matched controls (Fig. 4). In LMAN, To test whether exogenous androgens affect NMDA-EP$Cs
the e-fold decay times of NMDA-EPSCs in DHT-treated ju-throughout life or, instead, only during a restricted develgp-
veniles were slightly (14%) faster than in normal juvenilemental period, adult birdsPHD 90 were implanted with
(48 = 2 vs. 56+ 3 ms; Fig. 4) and were equivalent to adulDHT pellets and then recorded from 10 days later. In bgth
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LMAN and RA, this adult DHT-treatment did not affect(Luine et al. 1980), frequency of singing (Arnold 1975), and
NMDA-EPSCe-fold decay times (see Fig. 4 and Table 1). Thisong quality (Bottjer and Hewer 1992) in four surviving adults
lack of effect demonstrates that NMDA-EPSCS are sensitiveftom the castrate group. Syringeal weights were normalized|for
exogenous androgens only during juvenile life, and that thedy weight to derive a syringeal-somatic index (SSI; syrinx
transition to adultlike NMDA-EPSCs is the final step both foweight/body weightx 100). SSIs were lower in these four
development and for our experimentally induced androgesuccessful castrates compared with normal adults (8.0101,
mediated effects. That this limit exists experimentally suggesis= 4, vs. 0.20+ 0.01,n = 10,P < 0.01), and also compare
that the androgen sensitivity of the NMDA-EPSCs seen imith intact fledglings (0.13+ 0.01,n = 13, P < 0.02 as
young animals is not merely due to pharmacological actions@mpared with adult castrates). These SSI data indicate tha
the steroid. Thus in the song system, androgen treatment dlatamide treatment achieved at least a partial peripheral blpck
modulate NMDA-EPSCs during a fledgling and juvenile seref androgen action in each of the four adult castrates.
sitive period that overlaps with periods when song learning canin contrast to the somatic effects, behavioral measures|did
be disrupted by exogenous androgens (Fig. 4 and Table 1)not reflect consistent effects among flutamide-treated castrates,
To obtain 30 renditions of song for the behavioral analysgs,
NMDA-EPSCs development in castrates three of the four castrates required more than two recording
sessions. The fourth castra®le 7 required just 2 days, as
In addition to being sensitive to exogenous androgens, ndid the intact adult and the juvenile. Song quality (1-5) of the
mal development of NMDA-EPSCs within LMAN and RAfour castrates and the two intact males was judged by |six
might be regulated by endogenous androgens, i.e., androgeservers blind to the experimental group. By these evalua-
dependent. If so, in the absence of androgens, NMDA-EPStEms, the song quality oBlue 7 as well as that of anothe
should remain in the fledgling state. To test whether develogastrate was deemed normal (above 4), whereas those off two
mental changes in NMDA-EPSCs were androgen dependeargstrates and of a control juvenile were ranked as disrupt
zebra finch chicks were castratedPHD 14 and chronically relative to the song of an untreated adult. These behavioral figta
treated with the androgen receptor antagonist flutamide (ifnfem castrates, although from a small sample size, are sinfi&r
planted every 10 days until recordings were made). Previoles those of Bottjer and Hewer (1992), which indicate th
work has shown that similar treatment produces aberrant saagtration and flutamide treatment are ineffective in alter
in a majority of adults (Bottjer and Hewer 1992). We were naong quality in roughly one quarter of the cases. Given
able to assess any deleterious effects of early castration @nelsence of circulating androgens in our castrates (i.e., th
flutamide treatment on song behavior in juveniles because tlzt were used to determine NMDA-EP®@old decay times;
that age, song is highly variable and not well-developed (Infig. 3), one possibility for the lack of effect of castration @
melmann 1969). Nevertheless, we initially tested the androgdiViDA-EPSCs is that the flutamide treatment was not cong
dependency of NMDA-EPSEfold decay times in slices madetent in blocking central androgen receptors from these resid
from juvenile animals, rather than adults, because this is an agalrogens (sesiscussion.
when the currents are androgen sensitive. We found no differ-
ences inefold decay times in either LMAN or RA between apqrogen treatment alters AMPA-EPSCs in LMAN, but no
intact and castrated juveniles (LMAN: juveni#e 56 = 3 ms, i, RA
n = 20, castrate= 57 = 5 ms,n = 16, P = 0.81; RA:
juvenile= 91 + 6 ms,n = 26, castrate= 94 = 5 ms,n = 41, Androgenic effects at LMAN and RA synapses could be s
P = 0.35). To test whether the effects of castration emergedcdiic to NMDA-EPSCs, or might involve more general actions ¢
later time points, we also comparedold decay times between synaptic transmission at these sites. To address the specificih&
castrated adults and age-matched controls. Once again, hamdrogenic actions, we examined another postsynaptic compgnerit
ever, no difference was observed between intact and castratédlutamatergic transmission, the AMPA-EPSC. Previous studies
animals (LMAN: adult= 48 = 4 ms,n = 23, adult castrate= have demonstrated that synaptic transmission at DLM terminpals
54 = 3 ms,n = 20,P = 0.09; RA: adult 58+ 3 ms,n = 20, onto LMAN neurons occurs via both NMDA and AMPA recep-
adult castrate= 70 = 8 ms,n = 16, P = 0.20). tors (Livingston and Mooney 1997), whereas EPSPs at [the
A potential confound is that, although it is relatively easy tatMAN terminals onto RA neurons are mediated largely by
augment androgen levels, it is difficult to abolish them in zebNMDA receptors (Mooney 1992). Similar to the previous expér-
finches (Adkins-Regan et al. 1990; Marler et al. 1988). Indedidients on NMDA-EPSCs, we measured #ield decay times of
a radioimmunoassay revealed that our juvenile and adult cAdPA receptor—mediated EPSCs in fledgling controls and fleig-
trates had serum testosterone levels similar to age-matcliegs that had been implanted with DHT 10 days earliePHD
controls (see Fig. @, adult castrate data not shown). Thudb5). Additionally, we tested whether the relationship between the
despite the absence of observable gonadal tissue, significaMPA-EPSC and the total glutamate-EPSC was altered by DHT.
levels of androgens were present in the blood of castraté&s,do this, we first measured the peak amplitude of the glutampte-|
presumably arising from extra-gonadal sources (Adkins-RegBRSC at 20 mV positive of the reversal potential, and then that of
et al. 1990). the pharmacologically isolated AMPA-EPSC (in 1M bp,L-
Despite the lack of effect of castration on plasma testosté&PV, seemetHops for details). We calculated the ratio of theqde
one levels, flutamide levels may have been sufficient to bloeko EPSC amplitudes (i.e., G, AMPA,.,), and compared
receptor-mediated actions of extragonadal androgens. To these values in control and DHT-implanted fledglings.
termine whether our protocol of flutamide treatment had pre-In LMAN, androgens affected the-fold decay times of
vented androgen signaling, we analyzed several androg@hAPA-EPSCs, reducing the mean by 30% (7:60.6 ms vs.
sensitive features of songbirds. We measured syringeal m&ss+ 0.7 ms; Fig. 5, Table 2). There was also a difference)
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FIc. 5. Androgens decrease both tlre@amino-3-hydroxy-5-methyl-4-isoxazoleproprianate (AMPA)-ERSGId decay times
and the ratio of the peak glutamate-EPSC to the peak AMPA-EPSGJEIAMPA ., in LMAN, but not in RA. Young birds
(~PHD 15 were implanted with DHT pellets and recorded from 10 days latétHD 25). A, top: average glutamate-EPSCs and
AMPA-EPSCs recorded in LMAN from controls (CTR) and DHT-implanted fledglings are superimposed,; to illustrate the effect
of DHT on Gly,e.x AMPA .. the peak amplitudes of glutamate currents were normalized across the control and DHT-treated
groups, while preserving the within-group Gly« AMPA .., Glutamate currents were recorded 20 mV positive of reversal
potential 20 mV) in picrotoxin (50uM), and AMPA currents were isolated by adding 108 p,L-2-amino-5-phosphonovaleric
acid p,L.-APV). Bottom the corresponding synaptic currents from RA are shown. However, because AMPA currents were too
small to measure accurately-a20 mV, RA cells were clamped at 80 mV negative of the reversal potent0 (mV) to produce
larger currentsB: bar graphs show the averagdold decay times (meart SE) and average Gli,x AMPA .. (mean= SE) in
LMAN (top) and RA potton). Data from DHT-treated animals are shown in gray, and control data are in black; * significantly
different from control P < 0.05).

the GlyekAMPA o, between control and DHT-implantedp,L.-APV, only a very small current{4 pA) remained at-20
fledglings (4.0+ 0.7 vs. 2.5+ 0.17; Table 2 and Fig. 5). In mV, consistent with previous observations at this syna
contrast, no differences were seen in either the AMPA-EPSMooney 1992; Stark and Perkel 1999), which showed t
rise times or the input resistances (confirming our earlier findearly all of the synaptic response was mediated by NM[
ings, see Tables 1 and 2). receptors. Therefore we clamped the membrane potential t
At the LMAN-RA synapse, following the application of mV negative of the reversal potential to increase the driv
force and augment AMPA-EPSCs in RA. The peak amplitug
_ for these AMPA-EPSCs were then measured at this new h
EPSC experiments ing potential, and the ratio of the peak amplitudes for glutam
(at +20 mV) and AMPA (at—80 mV) receptor—mediated

TABLE 2. Intrinsic properties of LMAN and RA neurons: AMPA-
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Fledgli Fledgling DHT . X
Group edgling edgling synaptic currents was calculated. In RA, neither old
LMAN decay times of AMPA-EPSCs nor the GlycAMPA ., from
birds implanted with DHT differed from those of controls
rge (PHD) 258 (22 28) 256 (21-29) (Foie's and Fig. 5). Th It | that, in LMAN
n: cells, animals 13,10 15,11 g. ) ese results revea atg, In '
Peak amplitude, pA 39.8 5.7 49.3+ 7.1 androgens act more generally to alter both AMPA receptor and
10-90% rise time, ms 1501 1.8+ 0.4 NMDA receptor—mediated synaptic transmission, Wherea%l at
L”%‘Igrnggn"fs- @ 1174; [1)96 :if 317* the LMAN-RA synapse, androgen effects are specific to fhe
Glutamatgea;. AMPA ., 40+ 07 25+ 02+ NMDA receptor-mediated component of the synaptic currgnt.
RA Testosterone treatment alters neuronal morphology in

Age (PHD) 26.3 (23-28) 25.7 (23-29) LMAN, but not in RA
n: cells, animals 13,10 16, 11 ; ;
Peak amplitude ¢80 mV), pA 14429 14.6+ 3.0 The sexual c_ilmorph|sm o_f the song system (Nottebohm _amd
10-90% rise time, ms 51 1.0 5.9+ 0.9 Arnold 1976) is a compelling example of how sex steroifls
Input resistance, 2 204+ 22 225+ 26 affect the structure of song nuclei, including neuronal mor-
e-fold decay, ms 17.9 3.7 18.3+ 3.2 phology (DeVoogd and Nottebohm 1981; DeVoogd et fl.
Glutamatgea: AMPA e 2.9+05 4.4+ 09 1985; Gurney 1981). The effects of augmenting early tesﬁs-

Values are means: SE with age ranges in parentheses. AMRAamino- te_rone on LMAN and RA. volume, neuron ”“mber' and SO. a
3-hydroxy-5-methyl-4-isoxazoleproprianate; for other abbreviations, see TaSZ€ has been examined in adult male _Zebra fmCh_eS (Schlinge
1.*P < 0.05. and Arnold 1991), but no morphological analysis has bgen
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Fic. 6. Dendritic length and spine frequency change in LMAN, but not in RA, as a function of testosterone-treatment in
fledgling male zebra finches. Young birds®HD 15 were implanted with testosterone pellets and recorded from 10 days later
(~PHD 25. A: soma size was measured in controls (CTR) and T-treated fledglings (T) in LMAN (€¥R15; T:n = 18) and
RA (CTR:n = 15; T:n = 18) and was not affected by testosterdBespine frequencies were increased by testosterone in LMAN
(CTR:n = 15; T:n = 18), but notin RA (CTRn = 15; T:n = 17).C: dendritic length was also increased by testosterone in LMAN
(CTR:n = 15; T:n = 18), but not RA (CTRn = 14; T: n = 17). D: dendritic branching complexity was assayed using a Sholl
analysis, which plots the number of dendritic branches (intersections) as a function of radial distangeminr2€rvals, from the
soma. Testosterone did not alter branching complexity (2-way ANOVA) in either nucleus. * Significantly different from control,
P < 0.05.
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made at the earlier time points studied here. Because changesrted no effect on spine density in RA. As with the contrast-
in dendritic or somatic morphology could exert electrotoning effects between LMAN and RA on AMPA-EPSCs, these
effects on synaptic currents, we assessed neuronal soma siffects of androgens on spine density indicate a qualitafi
total dendritic length, dendritic branching complexity via &lifference in the androgen sensitivity of LMAN neurons relp-
Sholl analysis (Sholl 1956), and spine density of LMAN anéve to those in RA.
RA neurons in both control and T-treated fledglings (young

birds implanted with testosteronePHD 15, and recorded DISCUSSION
from 10 days later). Within LMAN, T-treatment had no effect

on neuronal soma size or on dendritic complexity (Fiy.ahd Here we show that developmental changes in NMDA-
D), although there was a slight effect on total dendritic lengtBPSCs within the song system can be potently modulateq by
(T-treated= 2,464+ 122 um, control= 2,118+ 92 um; Fig. androgens during fledgling and juvenile periods, and we
6C). Within RA, androgen treatment had no effect on somade the first demonstration that sex steroids can alter syn
size, total dendritic length, or dendritic complexity (Fig. 6)transmission in the song system. Treatment of young zdbral
Finally, measurements of dendritic spine densities revealedireches with testosterone caused NMDA-EPSCs in LMAN
striking contrast in the androgen sensitivity of LMAN and RARA to become faster. The nearly identical effect of treatmént
neurons. In LMAN, T-treatment resulted in a 64% increase imith DHT, a nonaromatizable androgen, indicates that andro-
spine density relative to control animals (contrel 0.20 =  gens rather than estrogens mediate this effect. NMDA-EP$Cs
0.016, T-treated= 0.33 = 0.08 spines pepm; Fig. 8) but in LMAN and RA remain sensitive to exogenous androggns
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from fledgling through juvenile life, in parallel with behavioralin any system, even though steroids have been broadly i
studies that have shown that song development in zebra finchated in the modulation of neuronal excitability. In electric fi

NMDA-EPSCs also occurred in the Waulst, there this procefts cortex prevents the normal maturation of NMDA-EPSCs i@J
was not altered by T-treatment. Thus androgens do not globailyrtical neurons (Carmignoto and Vicini 1992). In LMAN angd
influence NMDA-EPSCs throughout the zebra finch telencepRA, androgens could also affect NMDA-EPSC developmg
alon. through activity-dependent pathways, either by directly alt

Whether the developmental changes in NMDA-EPSCs ing neuronal excitability in these areas or by inducing behg
LMAN and RA are androgen dependent remains unknowioyal changes that then alter activity (such as increased sing
because the castration did not lower endogenous androgevith a concomitant increase in auditory stimulation, or i

\1”2

drogen signaling in all birds (Adkins-Regan et al. 1990; Bottjghough this treatment successfully elevated serum testoste|
and Hewer 1992). Although the low syringeal weight of eadevels. This lack of effect argues against a fast action
of the four adult castrates is consistent with a peripheral blockadrogens on NMDA receptors, although acute effects (|
ade or reduction of androgens (Luine et al. 1980), behaviombximately minutes) of another sex steroid, estradiol, ha
measures of androgen sensitivity such as song frequency (Been seen on NMDA receptor—mediated potentials in rat
nold 1975) and song quality were variable between birdspcampal neurons (Foy et al. 1999). Further, the persist
similar to what was found in a previous study (Bottjer andf fast NMDA-EPSCs in steroid-implanted birds even d

and/or flutamide sensitivities, and that central androgen recépthe functional properties of LMAN and RA neurons. Finall
tors were activated in a subset of the castrates. If so, then #marogens did not affect NMDA-EPSCs within the Wulst, &
efold decays obtained following our castration protocol werarea devoid of androgen receptors (Balthazart et al. 1992),
gathered from a heterogeneous population of animals, somigich indicates that local androgen receptors may be requ|red
with continual blockade of androgen receptors, and others wtthmediate the effects of androgens seen here. Together, these
persistent androgen signaling. Given the natural variability ofsults are consistent with the idea that androgens achieve their
e-fold decay times seen here, a contaminant population (peffects through slow and long-lasting processes, such as altered
tentially 25%, as suggested by behavioral data) within olgene expression.
experimental group would preclude our ability to detect dif- In LMAN and RA, a likely mechanism for the change ip
ferences in decay times between groups. In any case, MMDA-EPSC e-fold decay times is an altered pattern of
present results show that androgen treatment can functionllyIDA receptor subunit expression. A major developmental
regulate NMDA-EPSCs, and provide one mechanism by whittansition in the mammalian brain involves an increase in the
endogenous androgen signaling could alter synaptic devel®iR2A subunit relative to NR2B (reviewed in Flint et al. 1997;
ment within the song system. Scheetz and Constantine-Paton 1994). For example, in| rat

Androgen effects on NMDA-EPSCs are not well describesliperior colliculus, the slower NMDA-EPSCs recorded at de-
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A does not reproduce all of the developmental changes that ofcu
in these neurons, but instead has more selective effectg o
@ NMDA-EPSCs. In addition, it should be noted that the mqr-
phological complexity of the neurons studied here could intfo-
0 duce space-clamp problems, which would interfere with the
measurement of input resistance from distal dendritic regigns.

Altered dendritic filtering, which can arise from the remodelifg

of dendritic arbors, also can affect decay times of synaptic
currents (Spruston et al. 1994). However, our Sholl analyges

show that LMAN and RA dendritic structure does not change

@ with androgen treatment (Fig. 6). Although in RA there is po

Ol

H
B
) change in dendritic length, there was a slight increase| in
LMAN. It is doubtful that this small (16%) increase in lengt
could produce a significant increase in dendritic filtering, he-
@'@ cause dendritic lengthening would be expected to increpse
C decay times, rather than decrease them as seen here. Fipally
Jy-» androgens did not increase the cell body sizes in either LMAN
@ or RA. These observations lend further support to the idea that
androgens alter NMDA-EPSCs by regulating the NMDA r-
@) ceptor, and not by changing other properties of the postsyrjap-
tic membrane.
o _ _ One intriguing difference between LMAN and RA is that,
ol affect synaptic currents mediated by NMIDA receptars (biack poiymer 0r0dens caused alarge increase in spine frequenc
drons) on LMXN F;md RA neurons. In eac)r/1 case, altera'iions of the Eur)r/eﬁlNAN’ but not in RA. Another difference is that androger
could be produced by transcriptional changes of either NMDA receptor sUb@Us€d AMPA-EPSCs to become faster, and decreased
units or of another molecule that then makes posttranslational modifications3dU, .k AMPA o, evoked at the DLM-LMAN synapse, with1
the NMDA receptor [e.g., via phosphorylation (P)]. These steroid effects coulslit altering these features at the LMAN-RA synapse. TH
be activity |ndependen_t as shown Ay where direct binding of androgens to although androgens had comparable effects on NMDA-EPS
their receptors (AR) within LMAN and RA neurons alters gene expression.
NMDA-EPSCs could also be altered via changes in activity dugaadrogen in LMAN and RA, andmgens aﬁeCtEd neqronal mo_rphOIo
effects on membrane excitability of LMAN and RA neurons that then result nd other aspects of glutamatergic synaptic transmission
either genomic or nongenomic alterations to the NMDA recepto€ andro- in LMAN, even though neurons in both nuclei contain and

genic effects on aCtiVity of neurons presynaptic to LMAN and RA which, ||©en receptors (Balthazart et all 1992). The Selectlve actlo
turn, would act through a mechanism as Bn Action potential signifies

MO
=

f5popepfl

 up
[0

w5E

. - androgens within the two song nuclei studied here, coupl&d
increased actvity. with the lack of any effect of androgens on NMDA receptof-=2
veloping synapses can be accounted for by the single-chanmeldiated EPSCs in the Waulst, illustrate that androgens :‘gn
properties of the NMDA receptor (Hestrin 1992), and thkave specific actions on different glutamatergic synapses infthe
subsequent development of faster NMDA-EPSCs is accompelencephalon of juvenile male zebra finches. Future wots
nied by elevated levels of NR2A subunit protein and transcripbuld reveal whether there are different androgen sensitivifigs
expression (Shi et al. 1997). As visual experience regulatesAMPA receptors within RA itself, between the LMAN-RA 1,
changes in NMDA receptor subunit expression in the rat visusynapse studied here, and the HVc-RA synapse, which &
cortex (Quinlan et al. 1999), androgen-induced fluctuations fmimarily AMPA receptor mediated (Mooney 1992; Stark apd®

activity could trigger a subunit switch in song system nucleRerkel 1999).
We have not yet examined the subunit composition of NMDA The effect of testosterone on LMAN spine density is notalple
receptors on LMAN or RA neurons, but NR2B-containindgpecause raising zebra finches in isolation from adult tutqrs,
receptors decline in LMAN over song development (Bashamwhich affects song learning, also affects spine density|in
al. 1999), and our results are consistent with the idea tHa¥lAN, and suggests that changes in this structural featpre
androgens promote a relative increase in the expression of thay be one hallmark of synaptic change important for sqng
NR2A subunit over NR2B. In addition to changes in subuniearning. Further, during normal development, DLM effergnt
composition, posttranslational modifications of the NMDA reprojections to LMAN initially increase, then later retract (Johp-
ceptor by phosphatases/kinases have been reported and csoidand Bottjer 1992), which suggests that new synaptic gon-
contribute to the changes in decay times seen here (Liebermm@ations are being shaped at this time. Assuming that the pew
and Mody 1994; Tong et al. 1995). spines seen here reflect functional synapses, one possibility ig
Androgen-induced effects on NMDA-EPSCs are likely duthat new synapses induced by testosterone express a |nev
to changes in the receptors themselves, and not to alterationplofsiological phenotype that is distinct from preexisting syn-
other cellular properties of song system neurons. Althougipses. Alternatively, androgens could induce physiological
changes in membrane resistance can have pronounced effelstges at both new and preexisting synapses.
on EPSC decay times (Spruston et al. 1993), no changes ifn the song system, as in other systems modified by eXpe-
input resistances occurred within LMAN either over developience, a major question is how sensitive periods are regulated
ment or with DHT treatment. Changes in RA input resistanc&everal central synapses that display experience-depender
that do occur with development were not reproduced by aremodeling initially exhibit slow NMDA-EPSCs that beco
drogen treatment (Table 1). Thus in RA, androgen treatmdaster as synaptic reorganization draws to a close (Carmignoto
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and Vicini 1992; Hestrin 1992; Shi et al. 1997). Becaus&rnoLp, A. P. The effects of castration and androgen replacement on s¢ng,

NMDA receptor activation at these same synapses is criticafourtship, and aggression in zebra fincfiésdphila guttaty J. Exp. Zool.

. e . . 191: 309-326, 1975.
for their modification (Bear et al. 1990; SChnqu etal. 1995%’ALTHAZART J., FOIDART, A., WILSON, E. M., AND BALL, G. F. Immunocyto-

these slower NMDA-EPSCs could permit sufficient postsyn- chemical localization of androgen receptors in the male songbird and quail

aptic C&" entry to enable experience-dependent plastiCityprain J. Comp. Neurol317: 407—420, 1992.
(Bliss and Collingridge 1993). In both LMAN and RA, theBasHam, M. E., NorDEEN E. J., HABER, S. N.,AND NoRDEEN K. W. Devel-

slower synaptic currents of immature animals could allow opmental regulation of mRNA for the NMDARL subunit in zebra finchgs.

synaptic modification important to song learning. In LMAN, Soc. Neurosci. Abst2: 692, 1996a.

where tutor song-evoked NMDA receptor activity is crucial t§ASHAM. M. E., NoroEEN E. J.,aND NORDEEN K. W. Blockade of NMDA

sensory acqwsmon'(Bash.am et al. _1996b)’ slower NMDA- finch (Poephila guttath Neurobiol. Learn. Mem66: 295-304, 1996b.

EPSCs could sustain auditory experience-dependent chang&saw, M. E., SoHrasJl, F., NorDEEN E. J.,AND NORDEEN K. W. Devel-

that then instruct vocal motor learning. The more prolongedopmental regulation of NMDA receptor 2B subunit mRNA and ifenprog

expression of slow NMDA-EPSCs in RA could then afford a binding in the zebra finch anterior forebraih. Neurobiol.39: 155-167,
. . . - . 1999.

me.ans by which early aUdItory.eXpe”enC? m|ght COﬂtlnue HEAR, M. F. NMDA-receptor-dependent synaptic plasticity in the visual cq

guide vocal motor learning, until pubertal increases in andro~ex. prog. Brain Res108: 205-218, 1996.

gens curtail plasticity and result in song crystallization (MarleBear, M. F., KLeinschmidT, A., Gu, Q. A., AND SINGER, W. Disruption of

et al. 1988)_ experience-dependent synaptic modifications in striate cortex by infusiop

Here we have linked androgens, which could act to synchro" NMDA receptor antagonisfl. Neurosci.10: 909925, 1990.
’ Quss, T.V.P.AND COLLINGRIDGE, G. L. A synaptic model of memory: long-

nize song learning and sexual maturation, with NMDA recep-em potentiation in the hippocampusature361; 31-39, 1993.
tors, which are known to be important for sensory acquisitioBoerricer C. A. anp Doupg, A. J. Intrinsic and thalamic excitatory inputy

While we have studied the effects of exogenous androgensynto songbird LMAN neurons differ in their pharmacological and tempofal

behavioral studies in other songbirds suggest that endogengupgpertiesJ. Neurophysiol79: 2615-2628, 1998.

. . . . TTIER S. W., BRaDY, J. D., AND WALSH, J. P. Intrinsic and synaptic
androgens play an important role in controlling various Stagg%roperties of neurons in the vocal-control nucleus IMAN from in vitro sli

of song development. In swamp and song sparrows, high levelgreparations of juvenile and adult zebra finchiz$\eurobiol 37: 642—658,
of androgens are needed for the transition from plastic to199s.

crystallized song (Marler et al. 1988). A more recent finding BOTTIER S. W., FhLsema, K. A, BRowN, S. A., AND MIESNER E. A. Axonal

that juvenile white-crowned sparrows display an extended cagconnections of a forebrain nucleus involved with vocal learning in ze
. L . - . finches.J. Comp. Neurol279: 312-326, 1989.

Pac'ty for sensory ac':qws[tlon' when r_earEd '_n acoustical 'S_0|§6TTJER S. W.anD HEweR, S. J. Castration and antisteroid treatment imp.

tion, but only when isolation is combined with a photoperiod vocal learning in male zebra finchek.Neurobiol.23: 337-353, 1992.

regimen that delays the onset of adult testosterone levBisTiER S. W. anp Jornson F. Circuits, hormones, and learning: vocs

(Whaling et al. 1998). Perhaps this delay in the rise to ady]tehavior in songbirds). Neurobiol.33: 602-618, 1997.

. TIJER S. W., MESNER E. A., AND ARNOLD, A. P. Forebrain lesions disrupt
testosterone levels allows adult birds to copy song becal?géevelopment but not maintenance of song in passerine I$dence224:

NMDA-EPSC maturation in the song system of these birds iSgo1-903, 1984.
also delayed. An important goal will be to determine wheth@anaoy, R. A., Burp, G. D., DEVooap, T. J.,AND NoTTEBOHM, F. Effect of
the functional changes in NMDA-EPSCs induced by andro-testosterone on input received by an identified neuron type of the ca

; i i ; ong system: a Golgi/electron microscopy/degeneration studyeurosci.
gens seen here do indeed limit sensitive periods for son ©3770-3784. 1988,

Ieammg- quther' it will be Interesting to explore other neurctARMlGNOTO, G.AnD ViciNi, S. Activity-dependent decrease in NMDA rece
nal properties that are modulated by androgens that coulgbr responses during development of the visual coreience258: 1007—

influence song learning. 1011, 1992.
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