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Livingston, Frederick S. and Richard Mooney. Androgens and sensory acquisition, young male zebra finch€aefiopygia

isolation from adult tutors differentially affect the development Oguttata) memorize the song of an adult male tutor. Next, during
songbird neurons critical to vocal plasticity. Neurophysiol85:  sensorimotor learning, the plastic song of juveniles is matched
34-42, 2001. Song learning in oscine birds occurs during ajuvengxthe memorized song model. Song learning ends with crys-

sensitive period. One idea is that this sensitive period is regulated lization, when the song becomes highly stereotyped. A ma-
changes in the electrophysiological properties of neurons in the tel- ! '

encephalic song nucleus lateral magnocellular nucleus of the antef r.goal Is to underStand.the n(_epronal .prOpert'eS that Change
neostriatum (LMAN), a structure critical for song development b uring development to l'm't Sens't've. periods for song learning.
not adult singing. A corollary of this idea is that manipulatons One advantage of using songbirds to study the neuronal
affecting the pace and quality of song learning will concomitantijegulation of sensitive periods for learning is that the timing
affect the development of LMAIS electrophysiological properties.and quality of song learning can be experimentally manipu-
Manipulations known to affect song development include treatiligted and used to separate general developmental neuronal
juvenile male zebra finches with exogenous androgens, which resgtganges from those that might be specific to song learning.
in abnormally truncated adult songs, and isolation of the juvenile fromoung zebra finches implanted with testosterone have shorter
adult tutors and their songs, which extends the sensitive period g&ngs and a reduced number of Sy”ables as adults (Korsia and
song learning. Previously, we showed that synaptic transmissiong%ttjer 1991), while similar treatment will cause white-

LMAN changes over normal song development and that theﬁ?qwned sparrows to prematurely and abnormally crystallize
changes are accelerated or retarded, respectively, by androgen tr%%.

ment and isolation from an adult tutor. The intrinsic properties (; ) 'rdsqng (dV.Vha“ngdet. al. |1.99|5)'. In fcontrast, dzelbra flnﬁhes
LMAN neurons afford another potential target for regulation b)r/alse Inau Itory_an visual isolation roman a ult tutor have
steroid hormones and experience of adult tutors. Indeed previdls €xtended period of sensory acquisition, past the normal
studies showed that the capacity for LMAN neurons to fire actigdndpoint of PHD 65 (Aamodt et al. 1995; Eales 1985; Jones et
potentials in bursts, due to a low-threshold calcium spike, and tAé 1996; Livingston et al. 2000; Morrison and Nottebohm
width of single action potentials in LMAN, wane over developmentl993). Here we examine whether these two behavioral manip-
Here we analyzed these and other intrinsic electrophysiological fedations, which are known to alter the pace of song learning,
tures of LMAN neurons over normal development, then testeglso alter the development of electrophysiological properties in
whether either early androgen treatment or isolating juveniles frotain regions critical to song learning. Establishing this corre-
adult tutors affected the timing of these changes. The present stygdion would strengthen the link between candidate electro-
shows that androgen but not isolation treatment alters the devel%?fysiological changes and sensitive-period regulation.

mental time at which LMAN neurons progress from the bursting t : . .
nonbursting phenotype. In addition, other intrinsic properties, includ- Although many brain areas are important to singing and thus

ing the half-height spike width and the magnitude of the spike aftepptent'a"y |mporta_nt to song Iearnlng_, one brf”‘!n region that
hyperpolarization (AHP), were found to change markedly over devdP@y be especially important to regulating sensitive periods for
opment but only changes to the AHP were androgen sensiti®2Ng learning is the lateral magnocellular nucleus of the ante-
Interestingly of all of the synaptic and intrinsic electrophysiologicdllor neostriatum (LMAN). Lesion studies reveal that this tel-
properties in LMAN studied to date, only the half-height spike widtencephalic nucleus is essential for juvenile song development
continues to change in the late juvenile stages of song learnifgut not for adult singing (Bottjer et al. 1984; Scharff and
Furthermore raising juveniles in isolation from an adult tutor trarNottebohm 1991). LMAN is likely to affect vocal plasticity via
siently delays the maturation of this property. The present resuit§ monosynaptic connections with the robust nucleus of the
underscore that beyond their effects on LMANsynaptic properties, archistriatum (RA), a vocal motor area critical to song produc-
both androgens and adult tutor experience are potent and selecfiyg throughout life. Beyond affecting juvenile vocal quality,
regulators of the intrinsic properties of LMAN neurons. LMAN also is likely to be important to the memorization of
tutor songs, because blockidgmethylo-aspartate (NMDA)
receptors in LMAN during tutoring can interfere with song
development (Basham et al. 1996). One hypothesis is that the
The sensitive period for the acquisition of learned song #&lectrophysiological properties of LMAN projection neurons
oscine songbirds comprises three distinct phases. First, duritginge over song development, gradually altering the capacity
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TABLE 1. Effects of androgens and isolation from adult tutors on LMAN neuronal development

Late Fledgling + Juvenile+ Juvenile+ Late Juvenilet+
Parameter Fledgling Juvenile Juvenile Adult DHT DHT Isolation Isolation
Mean age by cell (PHD) 26.8 45.2 66.3 110.2 25.3 44.9 45.1 66.1
n: cells, animals 29, 12 20, 4 18, 4 19, 4 44,9 18,5 25,5 19,5
Vin =77+ 2% —-72x2 73+ 2 71+ 2 -73x1 73+ 2 =75+ 1 —-71+2
R, 84+ 6 98+ 6 90+ 7 91+ 7 84+ 5 107+ 7 112+ 6 109+ 7*
IF-CV 0.58+0.03 0.27+=0.03 0.16+0.01 0.15+0.01 041+0.03 0.16x0.01 0.28%+ 0.03 0.16+ 0.02
Percent bursting cells
(IF-CV > 0.4) 90 30 0 0 68 11 28 11
¥2-height spike width,
ms 1.07+0.03 0.62+=0.01 0.56+0.01 048+0.01 1.04+0.03 0.64+0.01 0.70%0.02 0.61+ 0.03
AHP, mV 18.4+ 0.5 22205 24.3+ 0.6 23.3+ 05 20.6+ 0.4 25.1+ 0.6 23.2+0.4 22.6+ 0.5

All statistics are in text and figure legends for instantaneous frequency coefficient of variations (I2@¥€)ght spike widths, and afterhyperpolarizations
(AHPs). Bold indicates significant difference from next youngest age group. Bold italics indicates significant difference from age-matchedL Aol
lateral magnocellular nucleus of the anterior neostriatum; PHD, posthatch day. * Significantly more negative than juvenil® valO&s.

of LMAN to influence either song memorization or song qualrom adult tutors can alter the development of synaptic prop-
ity (Livingston and Mooney 1997). A corollary of this idea iserties in LMAN neurons (Livingston et al. 2000; White et al.
that manipulations affecting the pace of song learning shoul@99), it remains unclear whether these manipulations also
also alter the developmental time course of any changesmedulate the development of their intrinsic properties. Here we
LMAN 's electrical properties. Specifically, if LMAN is a cru-examine this issue and provide evidence that exogenous an-
cial site for sensitive-period regulation, then exogenous and@jogens and the quality of the juvenile bird’s early auditory and
gens, which disrupt song learning and cause premature sdffial experience of an adult tutor influence when LMAN
crystallization, should also hasten electrophysiological chandt&Urons’ intrinsic properties change during development.
in LMAN that are important for limiting sensitive periods
(White et al. 1999). Similarly, raising birds in visual andMETHODS
auditory isolation from adult tutors, which extends sensitive these experiments use behavioral and electrophysiological tech-
periods for song learning, should delay these electrophysiolgggues that have been extensively described in previous published
ical changes (Livingston et al. 2000). Searching for thesgudies (Livingston and Mooney 1997; Livingston et al. 2000;
correlations can help identify electrophysiological mechanisnvoney 1992; White et al. 1999). Therefore only a brief description
governing sensitive periods for song learning. of these techniques is provided here.

Indeed, there are major developmental changes in the elec-
trophysiological properties of LMAN neurons. At synapseSubjects
between thalamic axons and LMAN neurons, the decay timesBrain slices were made from 48 male zebra finches, in accor-
of NMDA receptor-mediated currents become faster over dé—) X

A - ance with a protocol approved by the Duke University Institu-
velopment (Livingston and Mooney 1997), and the time COUr§Gnal Animal FZZare andpPJse Con%/mittee. The four ag){e groups

of th_ese changes can be ag:celerated by exogenous testostelfifed here were fledglings-@5 PHD), when young male zebra
(White et al. 1999) or transiently delayed by isolation (Livingfinches are near the onset of sensory acquisition; juveniess(
ston et al. 2000). However, it is not known whether oth&HD), during the early stages of sensorimotor learning and prior to
electrophysiological properties of LMAN neurons, includinghe end of sensory acquisition; late juveniles66 PHD), when
their intrinsic properties, are also sensitive to these types sgnsory acquisition ends in birds with prior exposure to tutors but
manipulations. Normal developmental changes in these intripefore the end of sensorimotor learning; and adut4X0 PHD),
S|C propertles |nclude the d|sappearance of a |ow_threshd‘faen song haS become CrySta”Ized (See Table 1 for the numbers of
ca&" spike (LTS): when injected with positive currents, fledgrcg(':'g‘r gggsagf'w:éz I.“nsgegeforroﬁgchg gg%‘ggr'] Ssg;e.nog g;g qoatg Sfiog‘
ling LMAN projection neurons {-25 posthatch day (PHD)] /°=2 : : u 1ave been used | vious study
.9 - X - gston and Mooney 1997); otherwise, data have not been
fire in part with bursts_ of action pote_ntlals,_due t(_) Fhe LTS, y%eviously reported. Finches were raised in our breeding colony on
adult neurons only f[re re_gular sp_|ke trains (L|_V|ngston angl 14.h light:10-h dark cycle.
Mooney 1997). This juvenile bursting could be important for
sensory acquisition perhaps by enhancing transmitter rele . : :
(Lisman 1997) or by otherwise altering the transfer function é}%ﬂaﬂon protocol and androgen manipulations
LMAN neurons. In addition, the spike width of LMAN neu- At 25 PHD, fledglings were removed from breeding cages and
rons changes between juvenile and adult times (Bottjer et Bgused alone in small stainless steel cagesX(222 X 25 cm) until
1998). Acute changes in action potential width can have préjther 45 or 65 PHD; siblings could only hear and not see one another
found effects on neurotransmitter release (Sabatini and Reg\%‘i‘\rﬂ’;? tgr'so'tsh%'f‘?g?m‘;egl?goanqgc"tv‘xﬁhcgg’g'g&i'%u‘igfro’veedr?; \‘;"e“‘;'rtg?i”
1:‘Logrsr)n75),ovagltla?\g\(/airc')srlgltesgtng?tziiznzﬁﬁ)snl&ps)lpylgizE/vslg[gelljggfrrrlwleetczlr ta&ﬁsly documented that this treatment extends sensory acquisition
S . A " beyond 65 PHD and also transiently depresses serum testosterone
1982). Thus changes in either synaptic or intrinsic electrophygge|s ~45 PHD (Livingston et al. 2000). Serum androgen levels in
iological properties can influence neuronal and behavioral plagher birds were augmented using silastic implants placed subcutane-
ticity, making them both attractive candidates for sensitiuusly in the chest region; implants were made at either 15 or 35 PHD,
period regulation. However, while androgens and isolatiamd birds were killed for brain slice recordingslO days later (25
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PHD, fledgling; 45 PHD, juvenile—see Table 1). The implants cont

tained ~50 ng dihydrotestosterone (a nonaromatizable form of tes- }gg '\
tosterone; similar implants of testosterone significantly elevate serum 1o R
androgen titers for 7-10 days post implant; see White et al. 1999). ;g | f/ \\
98 iV —o{ N 2 \/” \\/.\
Brain slices j I; 052 7 & & o
O
Briefly, sagittal brain slices that included LMAN were cut at 4002 B S e
nm and transferred to a holding chamber (room temperature); intra- il o 125] A
cellular recordings were made using an interface-type chamber (30°C; " J E ‘;Jg ‘\.\
Medical Systems). Artificial cerebrospinal fluid (ACSF) consisted of NN A w50 e,
(in mM) 119 NaCl, 2.5 KCI, 1.3 MgC]l 2.5 CaC}, 1 NaH,PO,, 26.2 2 mv_ﬁ 3 25
NaHCGQ;, and 11 glucose; equilibrated with 95%,-6% CO,. Equi 2 % 5 70 15 % %
osmolar sucrose was substituted for NaCl during the tissue prepara- 2 s
tion stage. 3 | g 122
' <00
Electrophysiological recordings |1 75
, , , . WA LI NN ol
Sharp intracellular recordings were made with borosilicate glass mV—T( _ 23 Tttt reren o
pipettes (Sutter Instrument) pulled to a final resistance of 80—-200 M 0 3 6 9 121518
when filled with 2 M potassium acetate. Intracellular potentials were Spike Interval #

amplified with an Axoclamp 2B amplifier (Axon Instruments) in

bridge mode, low-pass filtered at 1-3 kHz, and digitized at 10 kH Fic. 1. Examples of DC-evoked burst firing and regular firing in fledgling
! ' %ateral magnocellular nucleus of the anterior neostriatum (LMAN) neurons.

o ) Left action potential trains from 3 different fledgling neurons, evoked by a
Data acquisition and analysis 1-s-long, +400-pA DC current pulse, show the range of firing behaviors
o ) ) ) encountered herd.op trace robust burst firingbottom tracea highly regular
Data acquisition and analysis for intracellular recordings wekgpiking pattern;middle trace an intermediate firing behaviofirace 1was
performed using a National Instruments data acquisition board (Adepolarized from a tonically hyperpolarized state wheteses 2and3 were
MIO-16E2), controlled by custom Labview software developed by Eepolarized from resRight corresponding plots of the instantaneous frequen-
Livingston and R. Neummann. Suprathreshold responses from e&igs plotted as a function of spike interval number. See Fgtap, for where
neuron were measured in response to two different depolarizi coefficient of variation of the instantaneous firing frequencies (IF-CVs)
current pulses (1-s duration;400, and+600 pA), injected from the calculated from each of the§e 3 examples lies in the entire populat!on of
. - - . ._|IF-CVs collected from fledgling LMAN neurons (IF-CVsieuron 1,1.23;
resting potential. Previous work has shown that prior hyperpolarlz[z?é .
. . ; . uron 2,0.85; neuron 3,0.12).
tion of the membrane potential can either induce or enhance bursting

(L|V|ngst0n and Mooney 1997) Thus we also elicited SUprathreShoi@g?) We O”g'na"y Class|f|ed neurons as e|ther “burstlng" or

responses beginning from a hyperpolarized state (tonic hyperpolaigynnhyrsting” based solely on visual inspection of spike trains,

ing current, 400 pA; depolarizing pulses were 1-s duration %20 . - - . .
and 600 pA), and also included them in the analysis. In total, fo which could be insufficient to describe more subtle differences

spike trains were collected and analyzed from each neuron (i%}(b.f’jlt may occur over develop_ment. Therefor_e We_Wantec_i to use
responses to 1-s duratior;400-, +600-pA current pulses in both a quantitativemeasure that did not rely on \(lsua! mspectlon of
normal resting and hyperpolarized states). A software threshold-evEi¢ traces to assess whether a neuron fired in a bursting or
detector was used to measure instantaneous spike rates throughoul@oursting mode.

1-s period of positive current injection and the coefficient of variation We quantified the variety of DC-evoked action potential
in the instantaneous rates was calculated as the standard deviatiomgins by measuring the coefficient of variation of the instan-
the instantaneous firing rate divided by the mean firing rate. Spikgéneous spike frequencies (IF-CV), which estimates how much

widths were measured at one half the spike amplitude, which Wafe instantaneous frequencies vary around the mean value for
determined as the point midway between the sharp positive |nflect|8ngiven spike train. One characteristic of fledgling LMAN
in membrane potential immediately prior to the action potential ai '

the spike peak; the amplitude of the spike afterhyperpolarization urons is that tljey often ex.hlblf[ed bpth very high f”md low
(AHP) was the voltage difference between the inflection point and tgstantaneous ?p'k.e frequenugs in a single spike train, due to
membrane potential minimum following the spike peak. Input resié?€ LTS, thus yielding a very high IF-CV. In contrast, neurons
tance measurements were calculated by measuring the steady-$faé varied little in their instantaneous spike frequencies
voltage caused by injecting smal-g00 pA) hyperpolarizing current throughout the train, or simply underwent a gradual monotonic
pulses. Two-way ANOVAs (group vs. current injection) were used tdecay of instantaneous firing frequency, yielded low IF-CVs.
assess statistical significance, unless otherwise noted. In all cases|rigkvidual current-clamp records of spike trains and plots of
minimum significance level was set B < 0.05 using two-tailed jnstantaneous firing frequencies obtained from three different
comparisons. Averages are reported with the standard error of figjgling neurons illustrate differences in firing behavior and
mean (-SE). IF-CV (Fig. 1). The neuron intrace 1 quickly alternated
between high and low instantaneous firing frequencies, while
RESULTS the neuron from whichlirace 2was collected exhibited a less
; - abrupt decline from high to low instantaneous firing frequen-
Developmental changes in burst firing cies; both neurons had relatively high IF-CVs (Fi@, 20p).
Intracellular sharp-electrode recordings previously reveal@the other fledgling neuron, from whidhace 3was collected,
that the regularity of action potential firing in LMAN projec-declined gradually in its instantaneous firing frequency over
tion neurons in response to depolarizing current injection coulae duration of the depolarizing current injection and had a low
be quite varied (Fig. 1) (also see Livingston and Moonelf-CV (Fig. 2A, top).
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0 0306091215 %0 85 80 75 70 4’:5 00 55 80 FiG. 2. Burst firing in LMAN disappears over developmeAt.
: membrane potential (mV) histograms show the distribution of instantaneous firing frequency
25 ' Juvenile coefficient of variations (IF-CVs) from the 4 different developmen-
: C Kkk tal periods studied here. Note the bimodal distribution in fledglings,
20 h with the 2 separate regions of high and low IF-CVs; in contrast,
! 0.6 distributions from late juveniles and adults were unimodal, having
X only low IF-CVs. ---, at IF-CV = 0.4, lies in between the 2

v ! 054 fledgling regions and was used to classify cells at all ages as either

"E X ' bursting or nonbursting. The numbers and in the fledgling

> 0.4 . histogram refer to the IF-CVs calculated from the traces shown in

G>) ’ Fig. 1A. B: IF-CVs measured from all cells (in all age groups)

O 0 0'3, 06091215 O plotted vs. their native resting membrane potentials revealed a

'"Lat I.II. 0.3 negative correlationrR = —0.147,P < 0.01); a similar comparison

"6 30 :.O e . — using only IF-CVs measured at artificially hyperpolarized mem-
25 Jjuvenile 0.24 brane potentials did not show a significant correlati@r=(0.0163,

:H: ! P = 0.77; not shown). These 2 comparisons suggest that tonic
20 : 0.14 hyperpolarization alleviated voltage-dependent variations in IF-
15 ! CVs and thus could control for cell-to-cell differences in resting
10 ' 0.0+ membrane potentiaC, top bar graphs of the meartSE) IF-CVs

5 ' F J LJ Ad show a significant decline over development, specifically from
0 ! 100+ fledgling to juvenile and from juvenile to late juvenile periods.
0 0306091215 Bottom bar graphs showing the percentage of cells that had at least
1 o 1 action potential train IF-C\> 0.4. ***P < 0.0005. (F), fledg-
05 ' Adult < 801 ling; (J), juvenile; (L-J), late juvenile; (Ad), adult.
1 o
A
20 ' > 60
15\ ! Q
10 : Z 404
5l ! o
0 ! Q 20-
0 0306091215 o
Instantaneous Frequency 0 0% 0%
Coefficient of Variation (IF-CV) F J L-J Ad

Using this quantitative measure, we found that the distrienically hyperpolarized state. This tonic hyperpolarization of
bution of fledgling IF-CVs is bimodal (Fig. 2), with amembrane potential, used to relieve deinactivation of any
distinct notch at 0.4 separating the two peaks (note - - - latent LTS, ensured that slight group to group differences in
Fig. 2). We used this value as a cutoff, classifying a cell assting potential (see Table 1) did not inadvertently bias our
bursting only if at least one of its DC-evoked action poterestimates of bursting (Fig.B). Most (90%; 26/29 cells) fledg-
tial trains yielded an IF-C\* 0.4. The three fledgling tracesling neurons displayed an IF-CV 0.4, while only 30% (6/20
shown in Fig. 1 illustrate the methodraces 1(IF-CV = cells) of juvenile neurons showed this behavior (mean IF-CV,
1.23) and2 (IF-CV = 0.85) are from different parts of thefledgling: 0.58+ 0.03 vs. juvenile: 0.27 0.03,P < 0.0001).
region representing bursting neurons, whitace 3 (IF- Late juvenile LMAN neurons did not display any bursting, and
CV = 0.12) is an example from the nonbursting or reguldrad a mean IF-CV less than that of juveniles (0:22D.03 vs.
spiking region. Ultimately, statistical significance was a€.16 = 0.01, P < 0.0002) and equivalent to that of adults
sessed using two-way ANOVAs on the IF-CV (group v90.16 = 0.01 vs. 0.15+ 0.01,P = 0.22). Thus to summarize,
level of current injected; se@eTHODS). there are major developmental changes in the way LMAN

This quantitative measure allowed us to determine that theojection neurons fire action potentials trains in response to
number of bursting cells in a given age group declined ovdepolarizing currents, progressing from a bursting to a non-
development from 90 to 0% (i.e., 90% of fledgling neuronisursting phenotype (Fig.@.
displayed at least 1 spike train with an IF-C¥ 0.4, while no
adult neurons had an IF-C¥ 0.4; Table 1; Fig. 2). As shown gffects of dihydrotestosterone and isolation on bursting
in Fig. 2A, this cutoff value was never exceeded by cells in the
late juvenile and adult groups even though their IF-CVs were To directly test whether the developmental decline in burst-
determined both at their native resting potentials and inimg behavior contributed to sensitive periods for song learning,



38 F. S. LIVINGSTON AND R. MOONEY

A Fledgling Juvenile Late juvenile
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400 06 0o s s U5 o3 G T TE TS FIG. 3. The effects of androgens and isolation on
oo T 20 I the incidence of burst firing of LMAN neurons and on
| the mean IF-CVA: androgen treatment decreases the
c .."E’ 25 E incidence of burst firing in LMAN neurons at fledgling
O ¢ : and juvenile times relative to age-matched controls.
T 39 ' Histograms show the distribution of instantaneous fre-
© B o ' guency coefficient of variations (IF-CVs) from con-
L2 4 o5 ' trols, androgen-treated birds, or isolates. - - -, IF-€V
i 0.4, used to classify cells as either bursting or nonburst-
%o 03! 06 09 12 15 ing. B, left bar graphs of the mean IF-CVs. Androgen
treatment reduced the mean IF-CV at fledgling and
Instantaneous Frequency juvenile times (**P < 0.0005). Right bar graphs
Coefficient of Variation (IF-CV) showing the percentage of cells that had at least 1 action
potential train IF-CV> 0.4. (F), fledgling; (J), juvenile;
B m Control (L-J), late juvenile; (Ad), adult.
m+ DHT
*%% .
] 0+ Isolation 100-

IF-CV
% cells If-CV >0.4

0%/ |
L-J

F J L-J

we examined whether factors that are known to alter the paceAuditory and visual isolation from and adult tutor is another
of song learning also alter the progression from bursting factor that alters the pace of song development: birds raised as
nonbursting firing patterns. Androgens are one such factor tligdlates retain their ability to learn song until after 65 PHD, a
can perturb song development. To test whether it concontime when control birds do not copy new songs. We tested for
tantly alters the intrinsic properties of LMAN neurons, eithedelayed developmental changes in the firing properties from
fledgling or juvenile male zebra finches were implanted witluvenile finches that were isolated from tutor song beginning at
dihydrotestosterone-10 days prior to intracellular recording~25 PHD. In contrast to the effects of androgens on bursting
(seemetHoDS). Androgen treatment reduced bursting in bot both fledgling and juvenile neurons, isolation did not affect
fledgling and juvenile LMAN neurons (Table 1; Fig. 3) comthe developmental progression from bursting to nonbursting
pared with age-matched controls. At the fledgling age, dihphenotypes. Isolation of juveniles from tutor song had no effect
drotestosterone lowered the number of bursting neurons fram the number of their LMAN neurons displaying bursting
90 to 68% (26/29 vs. 30/44 cells), with the mean IF-CV lyingroperties [Table 1; 30% (6/20) juvenile cells vs. 28% (7/25)
between those of fledglings and juveniles (mean IF-CV, fledgolate juvenile cells; mean IF-CV 0.2% 0.03 vs. 0.28+

ling: 0.58 = 0.03 vs. juvenile: 0.4% 0.03,P < 0.0001). In 0.03; Fig. 3]. In contrast, brain slices from late juvenile isolates
juveniles, dihydrotestosterone lowered the number of burstid@gl contain a small number of bursting cells (2/19 cells or
cells from 30 to 11% (6/20 vs. 2/18 cells; mean IF-CV: 027 11%), suggestive of slightly delayed neuronal maturation, al-
0.03 vs. 0.16+ 0.01,P < 0.001), and decreased the meathough the mean IF-CVs for the late juvenile isolates and their
IF-CV to a value equivalent to those of both late juvenile angge-matched controls were equivalent (0:16.01 vs. 0.16+
adult neurons. 0.02; note the widened data distribution revealed by the 2-fold
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increase in the SE in FigB3. In summary, dihydrotestosteronep Development B
markedly accelerated the transition from the bursting to the Kk
nonbursting state, while isolation had little or no effect on the 2]

developmental time at which this property disappeared. 10,

. . 0.8
Spike widths and AHPs —

We also examined the half-height width of single action 06+
potentials (the half-height spike width) and the amplitude of
spike AHPs of LMAN neurons, two features that could be **] F
regulated independently of their bursting properties. We fir&e' ,, | 20 mV L

m

Ad

m + Control
O+ DHT
O+ Isolation

*%

measured how these features change across development &d
then examined the effects that androgens or raising juvenite o.o-
birds in isolation from adult tutors had on the developmentad F J L-J Ad 1 ms
changes of these two features. Aside from describing ho
features of spike shape may relate to sensitive periods
learning, these analyses can reveal the specificity of the actigis
of androgens and isolation on the electrophysiological propeg- 121
ties of LMAN neurons (Livingston et al. 2000; White et aI.\N 104
1999). - 7
The shape of action potentials changed dramatically over o.s- M
development; at the fledgling age action potentials have both a
slower rise and a slower decay than seen in adults, making %87 - J-Isolation
them much wider (Fig. 4; Table 1). The spike width previously
has been examined in LMAN from juvenile to adult times J
(Bottjer et al. 1998). Here we have both confirmed and ex- g5
tended this analysis to the fledgling age, a time when zebra 20 mV L
finches can memorize song but prior to the time they start to 0.0
sing. The present study reveals dramatic differences in shape F J L-J 1 ms
and half-height spike width over development and illuminatesric. 4. The spike widths of LMAN neurons changes over development and
how androgens and isolation affect these developmenasd affected by isolation, but not androgen-treatménttop bar graphs
changes. showing the mean half-height spike width from the different developmental
. . . . . eriods. ***P < 0.0001. Bottom bar graph shows the effects of either
Differences in the half'he'ght SP'ke width were see ndrogens or isolation on the mean half-height spike width. Note that of these
throughout development (Table 1; Fig. B;< 0.0001). The 2 manipulations only isolation had an (albeit small) effec* 0.01.B, topg
largest change was between the fledgling and juvenile perictgerimposed fledgling and adult action potential traces illustrate the differ-
(107 x 0,03 vs. 0,62 0.01 ms P < 0.0001), but changes oiee I, latien Sk b, oot owr devcobnen N
also occurred among juveniles, late juveniles, and ad”ﬁ? strate thpe smr;II effect of isolation on thJe half-height spri)ke width. (F),
(0.62 + 0.01 vs. 0.56+ 0.01 vs. 0.48+ 0.01 ms; all compar- fledgling; (J), juvenile; (L-J), late juvenile; (Ad), adult.
isons P < 0.0001); these later measurements are similar to
those in Bottjer et al. (1998). age, but isolation did slightly increase this measurement in
We also measured spike AHPs, the amplitude of whigbveniles (Fig. 4; 0.62- 0.01 vs. 0.70+ 0.01 msP < 0.0003);
increased over developmer € 0.0001), specifically among there was a similar but non-significant trend in late juveniles
fledglings, juveniles, and late juveniles (Fig. 5; 1840.5 vs. (0.56 = 0.01 vs. 0.61= 0.03 ms,P = 0.1635). In contrast,
22,2+ 0.5 vs. 24.3+ 0.6 mV; P < 0.0001 andP < 0.01, dihydrotestosterone did increase the AHPs of fledglings (Fig.
respectively). Representative examples of fledgling and adsjt18.4+ 0.5 vs. 20.6+ 0.4 mV, P < 0.0001) and juveniles
AHPs reflective of their respective group means are provid¢zR.2 + 0.5 vs. 25.1+ 0.6 mV, P < 0.0001), but this feature
in Fig. 5. In contrast to the changes in half-height spike widtlyas entirely unaffected by isolation. Although resting mem-
these changes in AHPs were complete by the late juvenieane potentials and input resistances were not significantly
period with no difference between late juveniles and adults. Béfected by either dihydrotestosterone or isolation, the slightly
determine whether a change in driving force or input resistanggre positive mean membrane potential we saw in DHT-
could underlie the change in AHP amplitude, we measure@ated fledges may account for the change in AHP amplitude
these features over development (Table 1). This analysis (®able 1). In summary, while dihydrotestosterone did not affect
vealed that the resting membrane potential but not the inghe half-height spike width, isolation did have small but sig-
resistance changed slightly but significantly in the positivgificant effects. In contrast, dihydrotestosterone did affect the
direction between fledgling and later time points, suggestingvelopment of AHPs, but isolation did not.
that early decreases in the AHP might reflect in part a dimi-
nution in driving force over development. DISCUSSION
Although the half-height spike width and AHPs both
changed over development, androgens and isolation had disAlong with prior studies examining the androgen-sensitivity
tinct effects on these parameters (Table 1; Figs. 4 and 5). TofeNMDA receptor-mediated currents in LMAN, the present
half-spike width was not affected by androgen treatment at astudies show that androgens are a potent regulator of a major
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A Development B ing that these parameters can develop without exposure to an
"k adult tutor. The two bursting cells we saw in late juvenile
30, ] isolates indicate a very slight retention of this neuronal feature
*hek in this group, possibly indicative of slightly slower neuronal
25 maturation. Ultimately, because isolates older than 65 PHD can
learn song even though their LMAN neurons largely lack the
20 capacity for burst firing, this feature does not seem to be
essential for song learning. Furthermore because juvenile iso-
151 lates have abnormally low testosterone levels (Livingston et al.
2000), it is unlikely that high testosterone levels are essential
10, for either the disappearance of the burst firing or changes in the
magnitude of the AHP even though androgens can affect these
51 features. Therefore other factors must be involved to explain
the continued development in these properties that are seen in
- F J L-J Ad juvenile isolates with depressed_ androgen levels. One key
20 mV factor could be the amount of singing, which is known to affect
auditory and/or vocal-related activity in LMAN (Doupe and
Konishi 1991; Hessler and Doupe 1999). In this view, where
O+ DHT - o X o X
30, O+ Isolaiion singing-related activity is the proximal cue driving changes in
*kk LMAN, the systemic androgen treatment used here could act
25| wxx primarily through other androgen-sensitive song or nonsong
= areas to augment singing rather than acting directly via LMAN
20- Fledge neuronal_androgen receptors to affect changes in excitab_ility
(see White et al. 1999 for a broader treatment of possible
mechanisms of steroid action).

A major question is the functional role of burst firing in
10 LMAN neurons. Bursting could alter the transfer function of
LMAN because it induces a highly nonlinear function into a
5- __ Adult neuron’s current-voltage conversion, allowing increased spik-
30 ms ing due to a given amount of current input compared with

- neurons that do not have this property. This amplification could
F J L-J enable LMAN neurons to fire more action potentials in re-
FiG. 5. Androgens increase the amplitude of the spike afterhyperpolarizgponse to the weak excitatory synaptic inputs that may pre-
tion (AHP). A, top bar graphs showing the mean spike AHPs from theominate during early juvenile development. In addition, be-
different developmental periods. The amplitude of the AHP increased between : . . .
fledgling and juvenile and from juvenile to late juvenile times. P*4 0.0001, Ca_use the burstl_ng '_S enhanced and sometimes even induced by
** P < 0.01. Bottom bar graphs showing the effects of either androgens @rior hyperpolarization of the membrane (data not shown) (but
isolation on the mean AHPs. Note that only androgens had an effect and ages Livingston and Mooney 1997), this amplification could act
to increase the AHP amplitude. *P*< 0.0001.B: superimposed fledgling and ir.‘ concert with inhibitory inputs as a gate for information
E"Jc;ﬂtusgtr']ﬁg;Qﬁfﬁ;t'Iaa'tg?lf\fjn'i'l'gﬂfé; t;‘guﬁ'_ﬁerences in AHPs. (F), ﬂedg"”ﬁ"lroughput.' Indeed GABA receptor-mediated inhibition gen

erated within LMAN, driven by local interneurons, could serve

subset of electrophysiological properties of LMAN neurongo prime excitatory throughput by enhancing the LTS (Boetti-
Androgens have been previously shown to regulate the deggr and Doupe 1998; Livingston and Mooney 1997). In other
times of NMDA receptor-mediated excitatory postsynaptierain regions, such as the mammalian lateral geniculate nu-
currents (NMDA-EPSCs) and the ratio of the overall glutamatdeus (LGN), the voltage-dependence of the LTS allows LGN
receptor-mediated EPSC to the AMPA receptor-mediateelay neurons to fire in either a “relay” or a “burst” mode
EPSC (White et al. 1999). Beyond these synaptic effects, tfidcCormick et al. 1995; Steriade and Llinas 1988). Neuro-
present study shows that androgens act ether directly or ingiedulators, including norepinephrine, can modulate inhibitory
rectly to also modulate specific intrinsic electrophysiologicaput onto LGN relay cells and thus determine their firing
properties of LMAN neurons, including the progression frormode (McCormick 1992a,b). In LMAN, there are several
burst to nonburst action potential firing and the magnitude oéndidate modulators, including catecholamines (Ball 1994;
AHPs. Furthermore androgens do not merely act as a nonspettjer 1993; Soha et al. 1996), which could act similarly to
cific maturational factor since exogenous androgen treatménftuence the firing mode of juvenile LMAN neurons, ulti-
failed to alter the development of half-height spike widths, mately determining their ability to influence vocal change.
property that changes markedly over normal development.One feature of bursting that makes it an attractive candidate
The present results underscore the potent effect of sex sterda@senhancing neuronal plasticity is the high instantaneous
on the electrophysiology of LMAN, a nucleus critical to the defrequencies achieved in the beginning of spike trains. These
velopment of song, a steroid-sensitive learned vocal behavibigh firing rates could enhance the probability of synaptic

In contrast to the potent effects of exogenous androgemslease (Lisman 1997; Miles and Wong 1986) at sites where
raising juveniles birds in auditory and visual isolation frobMAN axons form synapses, including locally within LMAN
adult tutors had little or no effect on the progression from bur@Boettiger and Doupe 1998) and in basal ganglia homologue
to nonburst firing or on the magnitude of spike AHPs, suggestrea X and nucleus RA (Vates and Nottebohm 1995). Although

AHP (mV)

-+ Control

AHP (mV)
o
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the relative lack of bursting in isolate neurons suggests tlile mechanisms underlying extended learning in isolates are
feature is not essential for extended song learning, it majmilar or distinct from those that enable song learning earlier
nonetheless be important to early song learning, especiallyiriflife.
the probability of transmitter release is diminished at these _ _ .
earlier ages. Specifically, developmental increases in the prob'[hls research was supported by National Institutes of Health (NIH) National

o L : : esearch Service Award F31 MH-11872 to F. S. Livingston, and by NIH Grant
.ablllty. of release COUI.d obviate the ne_ed for bursting m_ Ia_ 1 DC-02524 and McKnight, Klingenstein, and Sloan Foundation awards to
juveniles, although this feature may still be needed earlier @) mooney.
development, when individual synapses may be less potent. In
essence, bursting could boost initially weak afferent synapg&&-ERENCES
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